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REMARKS 

Claims 1-9, 11, and 16-51 have been canceled. Claims 10 has been amended. New 
Claims 52-62 have been added. Support for these claim amendments can be found 
throughout the specification and the originally filed claims. For example, on page 3, 
lines 14-17, page 4, lines 1-4, page 7, lines 7-12, page 18, line 21 to page 19, line 4. No 
new matter has been added. As such, Claims 10, 12-15, and 52-62 will be pending upon 
entry of this amendment. 

35 U,S,C S 112 REJECTION 

Claims 1, 3-7, 10, 12-15, 18, 20-25, 28 and 30-35 stand rejected under 35 U.S.C. §112, 
first paragraph, as allegedly not enabling one skilled in the art to make and use the 
invention. As noted above, Claims 1, 3-7, 18, 20-25, 28, and 30-35 have been canceled. 
Applicants thus address this rejection with respect to pending claims 10 and 12-15. 

The presently claimed invention is directed to methods of treating and/or preventing a 
cardiovascular disease characterized bv platelet activating factor activity and/or 
superoxide generation in a human in need of such treating and/or preventing which is not 
suffering from an allergic and/or inflammatory condition of the skin or upper airway 
passages which comprises administering to said human an effective amount of 
desloratadine, or a pharmaceutical^ acceptable salt thereof, to reduce the risk or prevent 
the occurrence of said cardiovascular disease . 

The specification discloses that desloratadine attenuated platelet activating factor activity 
as well as spontaneous superoxide generation in humans. See the specification, for 
example, on page 18, line 12 to page 19, line 4. The results presented in the specification 
apply to cardiovascular disease characterized by platelet activating factor activity and/or 
superoxide generation for which the articles submitted herein as Appendix A and 
Appendix B below provide additional support 

The nexus between platelet activating factor activity and cardiovascular disease is 
supported by Hospers et al. y 'TEosinophilia and positive skin tests predict cardiovascular 
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mortality in a general population sample followed for 30 years," Am J Epidemiol, 
150(5):482-491 (1 999), a copy of which is submitted herewith as Appendix A. Clearly, 
cardiovascular mortality does not occur in the absence of cardiovascular disease. 

Likewise, the nexus between superoxide generation and cardiovascular disease is 
supported by the review article Li and Shah, 'TSndothelial cell superoxide generation: 
regulation and relevance for cardiovascular pathophysiology," j4m J Physiol Regullntegr 
Comp Physiol, 287:R1014-R1030 (2004), a copy of which is submitted herewith as 
Appendix B. 

Note that the article previously cited by the Examiner, "N1H Heart Disease & Stroke 
Research: Fact Sheet" (American Heart Association, 2004); "Cardiovascular Disease: 
Treatment for Stroke " Stanford Hospital & Clinics, 2003, distinguishes prevention, 
treatment and cure of heart disease as all 3 terms are recited on page 1, last paragraph. 
This article also recognizes current research regarding treatment and prevention strategies 
for reducing the death rate from cardiovascular disease. See page 2 of 3, 4 th paragraph. 
The presently claimed invention is directed to methods of treating and/or preventing a 
cardiovascular disease (characterized by platelet activating factor activity and/or 
superoxide generation) using desloratadine or a phannaceutically acceptable salt thereof 
to reduce the risk or prevent the occurrence of such a cardiovascular disease. See, the 
specification, for example, at page 3, lines 14-1 7. A reduction in the risk of 
cardiovascular disease can be ascertained as described in the specification, for example, 
on page 15, lines 15-21. 

In light of the claim amendments, article submissions, and comments detailed above, 
Applicants 7 respectfully request withdrawal of the aforementioned 35 U.S.C. § 1 12, first 
paragraph rejection of Claims 10 and 12-15. 

35 U.S.C. 8 102 Rejections 

Claims 1, 3-7, 10, 12-15, 18, 20-25, 28, 30-33 and 35 are rejected under 35 U.S.C. 

§ 102(b) as being anticipated by Aberg et al. (U.S. 5,731,319). As noted above, Claims 1, 
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3-7, 18, 20-25, 28, and 30-35 have been canceled. Applicants thus address this rejection 
with respect to pending claims 10 and 12-15. 

Notably, the presently claimed invention is directed to a different treatment group than 
Aberg et aL Namely, in contrast to Aberg et al, the treatment group of the presently 
claimed invention is humans which are not suffering from an allergic and/or 
inflammatory condition of the skin or upper airway passages. Rather, the treatment 
group of the presently claimed invention is humans which are in need of treating and/or 
preventing a cardiovascular disease characterized bv platelet activating factor activity 
and/or superoxide generation . As such, Aberg et al can not possibly anticipate the 
presently claimed invention either expressly or inherently. 

In light of the claim amendments and comments detailed above, Applicants' respectfiilly 
request withdrawal of the aforementioned 35 U.S.C. § 102 rejection of Claims 10 and 12- 
15. 

35 U.S.C S 103 Rejections 

Claims 1,3-7, 10, 12-15, 18, 20-25, 28 and 30-35 are rejected under 35 U,S.C. § 103(a) 
as being unpatentable over Aberg et aL (U.S. 5,731,3 19) in view of Buckland et aL (EP 0 
968 715 Al), and farther in view of Gray (US 5,627,183), Kreutner et aL (US 5,869,479) 
and Hospes et al 7 {J Epidemiol, 150(5):482-491 (1999)). As noted above, Claims 1, 3-7, 
18, 20-25, 28, and 30-35 have been canceled. Applicants thus address this rejection with 
respect to pending claims 10 and 12-15. 

As noted above, in contrast to Aberg et aL, the treatment group of the presently claimed 
invention is humans which are not suffering from an allergic and/or inflammatory 
condition of the skin or upper airway passages. Not only do Aberg et aL disclose a 
different treatment group, but also a different indication. Aberg et aL is directed to 
methods for treatment of allergic rhinitis and other disorders (namely, allergic asthma, 
cough, cold, cold-like, and/or flu symptoms and the discomfort, headache, pain, fever, 
and general malaise associated therewith, retinopathy or other small vessel diseases 



PAGE 1 1/43 1 RCVD AT 7/28/2006 5:11:55 PM [Eastern Daylight Time] 1 SVR:USPTQ-EFXRF-3J15 * DNIS;2738300 * C$ID:908 298 5405 * DURATION (mm-ss]:20-50 



7 

associated with diabetes mellitus) using desloraladine while avoiding the concomitant 
liability of adverse side-effects associated with other non-sedating antihistamines. See, 
Aberg et al., column 4, line 65 to column 5 7 line 62. Notably, such adverse side-effects 
include, but are not limited to, tumor promotion, cardiac arrhythmias, cardiac conduction 
disturbances, fatigue, headache, gastrointestinal distress, appetite stimulation, weight 
gain, dry mouth, constipation or diarrhea. See, Aberg et al a column 3, lines 27-31 and 
lines 42-45. Aberg et al., however, provides no guidance for treating and/or preventing 
cardiovascular disease, particularly those characterized by platelet activating factor 
activity and/or superoxide generation . 

In fact, not only does Aberg et al. fail to disclose or suggest the use of desloratadine to 
treat or prevent cardiovascular disease, but Aberg et al actually teach away from this 
indication as Aberg et ah disclose that loratadine or desloratadine may be administered 
without side effects such as cardiac arrhythmias or cardiac conduction disturbances. Far 
from disclosing the methods of the instant invention, then, Aberg et al reportedly 
discovered methods which teach away from the administration of desloratadine to treat 
and/or prevent cardiovascular disease because Aberg et al report that the disclosed 
methods would not have cardiovascular effects - either positive or negative. Tbe fact 
that Aberg et al contains negative teachings which would discourage and deter a person 
of ordinary skill in the art from using desloratadine for the treatment and prevention of 
cardiovascular disease is evidence of non-obviousness. 

Buckland et al is directed to the use of loratadine as an antiarrhythmic. Buckland et al 
notes that according to the prior art "loratadine, although having properties which may 
prevent atrial arrhythmia, may also have the potential for initiating this arrhythmia." See 
page 2, lines 24-31. However, Buckland et al does not resolve this disparity in the prior 
art as it does not present any data to resolve this conflict but merely discloses an assay. 
Thus, one of skill in the art faced with this discrepancy in the prior art would not be 
motivated to use loratadine as an antiarrhythmic. 
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Furthermore, assuming arguendo that Buckland et ah uses desloratadine to treat 
cardiovascular disease such as arrhythmia, no line of reasoning was presented as to why a 
skilled artisan reviewing only the combined teachings of the references would have found 
it obvious from the references relied upon to arrive at the claimed invention particularly 
as Aberg et ah teaches away from the use of desloratadine for the treatment and 
prevention of cardiovascular disease. 

Likewise, adding either the Gray, Kreutner or Hospes references does not remedy the 
defects of Aberg et al or Buckland et al. 

Kreutner allegedly discloses that desloratadine is a functional equivalent of cetirizine. 
However, Kreutner also discloses a number of other antihistamines. Kreutner 
specifically states that one could employ "astemizole, azatadine, azelastine, acrivastme, 
brompheuiitmine, cMorpheniramine, clemastine, cyelizine, carebastme, cyproheptadine, 
carbinoxamine 7 descarboethoxyloratadine (also known as SCH-34117), doxylamine, 
dimethindene, ebastine, epinastine, efletirizine, fexofenadine, hydroxyzine, ketotifeu, 
loratadine, levocabastine, mizolastine, mequitazine, mianserin, noberastine, meclizine, 
norastemizole, picumast, pyrilamine, promethazine, terfenadine, tripelennamine, 
temelastine, trimeprazine and triprolidine" (col. 2, li. 52-62) in the disclosed method. 

The Office has not indicated why one of skill in the art would choose desloratadine as 
opposed to any one of the other antihistamines disclosed in Kreutner to treat and/or 
prevent cardiovascular disease. The Office has not pointed to any evidence as to why one 
of ordinary skill in the art would be motivated to select desloratadine to the exclusion of 
the other compounds on that list and combine it with Aberg et al. or any other reference 
to achieve the claimed invention. 

Moreover, one skilled in the art would not be motivated to substitute desloratadine for 
cetrrizme because the compounds have different indications. Further, desloratadine is not 
sedating while cetrri2ine is. Further, the two compounds have significantly different 
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chemical structures. Therefore, a person of ordinary skill in the ait would not readily 
interchange one compound fox the other. 

Even assuming, however, that one of ordinary skill in the art would know to substitute 
desloratadine for cetirizine, like Aberg et a/., both Gray and Kreutner teach away from 
the claimed invention. Specifically, Gray provides that the claimed invention avoids 
certain side effects, including "sedation and somnolence, headache, gastrointestinal 
disturbance, dizziness, nausea, cardiac arrhythmias an d other cardiovascular effects" (col. 
3, li. 61-62). Similarly, Kreutner recites, 'The decongestant effect of the combination of 
the present invention is thought to reside in the anti-Hb activity which enhances the 
release of norepinephrine, a natural endogenous decongestant, at the site of congestion in 
the nose, but not elsewhere in the body, so no systemic cardiovascular effects are 
observed" (col. 3, li. 56-62). Aberg et al, Gray and Kreutner all teach away from the use 
of desloratadine for treatment and/or prevention of cardiovascular disease because the 
teachings suggest that the disclosed methods have no cardiac effects - positive or 
negative. The combination of Aberg et al with Gray or Kreutner does not suggest or 
teach the claimed invention, even with the teaching of the other references, the 
combination still also does not result in the use of desloratadine to treat and/or prevent 
cardiovascular disease as is recited in claims 10 and 12-15. 

Moreover, with respect to Hospes, it is respectfully submitted that applicants have not, in 
fact, admitted that the reference is prior art. Mere citation to a reference does not 
transform it into prior art; nor does characterization of a reference as prior art by the 
Office transform that reference into prior art. 

Hospes also fails to disclose or suggest the use of desloratadine to prevent or treat 
cardiovascular disease. Therefore, Aberg et al and Hospes in combination do not teach 
or suggest the claimed invention, and, even with Buckland et al or any of the other 
references, the combination of references does not result in the use of desloratadine to 
prevent or treat cardiovascular disease. 



PAGE 14/43 ' RCVD AT 7/28/2006 5:1 1 :55 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-3/15 1 DNIS:2738300 * CSID:M8 298 5405 * DURATION (mm-ss):20<50 



SCHERING-PLOUGH 



3015/043 



10 

In light of the claim amendments and comments detailed above, Applicants' respectfully 
request withdrawal of the aforementioned 35 U.S.C. § 103 rejection of Claims 10 and 12- 
15. 

Double Patenting Rejection 

Claims 1, 3-7, 10, 12-15, 18, 20-25, 28, 30-35 stand rejected under the judicially created 
doctrine of double patenting over claims 1-4 of U.S. Patent No. 6,114,346 ('"346 patent") 
or claims 1-3 of U.S. Patent No. 6,265,414 ('"414 patent") and claims 1-13 of U.S. Patent 
No. 6,432,972 ('"972 patent* *). As noted above, Claims 1, 3-7, 18, 20-25, 28, and 30-35 
have been canceled. Applicants thus address this rejection with respect to pending claims 
10 and 12-15. 

As the presently claimed invention is directed to a different treatment group than those 
disclosed in the aforementioned patents, the double patenting rejection no longer applies. 
Namely, the treatment group of the presently claimed invention is humans which are not 
suffering from an allergic and/or inflammatory condition of the skin or upper airway 
passages- In addition, , the treatment group of the presently claimed invention is humans 
which, are in need of treating and/or preventing a cardiovascular disease characterized bv 
Blatelet activating factor activity and/or superoxide generation. 

The '346 and the '414 patents claim methods of treating and preventing sleep disorders in 
humans with upper airway passage allergies using desloratadine. The '972 patent claims 
methods of treating and/or preventing congestion using desloratadine. Unlike the 
presently claimed invention, none of these patents claim a method of treating and/or 
preventing cardiovascular disease using desloratadine. 

In light of the above claim amendments and comments, Claims 10 and 12-15 are believed 
to be overcome this double patenting rejection. 
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CONCLUSION 

It is believed that the foregoing amendments and arguments place this application now in 
condition for allowance. Therefore, favorable action allowing pending Claims 10, 12-15, 
and 52-62 is respectfully solicited. 



SCHERING-PLOUGH CORPORATION 
Patent Department, K-6-1 , 1990 
2000 Galloping Hill Road 
Kenilwortk, New Jersey 07033-0530 



Respectfully submitted, 




Reg. No. 45,997 
Counsel Patents 
(908) 298-7221 
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Eosinophil and Positive Skin Tests Predict Cardiovascular Mortality in a 
General Population Sample Followed for 30 Years 
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Jeannstte J. Hospers. 1 Bert RijekerV Jan P. Schouten^ Dirkje S. Posting and Scott T.Wgias 1 * 



The author investigated whether two objective allergy markers, Peripheral blood °»^ h ^^^ 
fnr c r!mmo , aeroallerqens were associated with cardiovascular death. Of 5,382 subjects in the Vlagtwedde- 
^ngeS sSy^ with data on allergy markers in 1965-1972 507 subjects died from 

^Sar disease during 30 years ot follow-up. Subjects with eosinophil had an increased nsk of 
SESZ SSS^Sm - 1.7; 95% cogence «WUW^ 
disease death (RR = 1 .6; 95% CI: 1 .2. 2.2) and cerebrovascular death (RR = 2.3 95% Cl 0j*\ 3 *^ 
of major risk factors. This association was limited to subjects with a percentage ot the P"^J^^^ 

S inl second (FEV % predicted) Of <100%. Posrtive skin tests were f^^^\ » 
reduced cardiovascular mortality in subjects with normal lung ftinction and weight who « <^ 
0 15 95% CI: 0.05, 0.46). Conversely, when subject with positive skin tests had a body mass index of: S25 
kq/rr^ had an FEV % predicted of <80%. or smoked, they had an increased risk for cardiovascular mortality 
nSS JesuS were 1 nofrestricted to asthmatics. Our data suggest a possible link between eosincphiHa and 
positive skin tests and cardiovascular mortality, especially in combination with other nsk factors associated with 
its mortality. Am J Epidemiol 50:482-01 . 

allergens; cardiovascular diseases; cohort studies; eosinophilic eosinophils; mortality; population; skin tests 



Smoking, hypertension, and hypercholesterolemia 
are established risk factors for cardiovascular disease 
(1^4), Other factors including physical inSctivity (1), 
diabetes mellitus (1), high body mass index (3), and 
low percentage of the predicted forced expiratory vol- 
ume in 1 second (FEVj) (5* 6) are also associated with 
increased risk of cardiovascular disease. However, 
other yet unrecognized factors must play a role, since 
these risk factors do not explain all prevalence of car- 
diovascular disease (2, 4). 

Allergy might be such a factor (7). Type I allergy or 
atopy occurs frequently in the population and has been 
reported to be increasing in Western countries (8). 
Therefore, an association between allergy and cardio- 
vascular disease is potentially important Allergy can 
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Reprint requests to J. P. Sohouten, Dept. of Epidemiology and 
Statistics, University of Groningen. A. Deusingraan 1, 9713 AV 
Groningen. the Netherlands. 



be studied subjectively by using questionnaires or 
objectively by using biologic markers, i.e., peripheral 
blood eosinophil counts, total and specific serum 
immunoglobulin E levels, and skin tests. Prentice et al. 
(9) showed that the eosmophil fraction of the total 
leukocyte count was associated with increased coro- 
nary heart disease incidence after adjustment for total 
leukocyte count but not for smoking habits. They fur- 
ther showed thai at a specified leukocyte count the esti- 
mated coronary heart disease risk increased as the 
eosinophil fraction relative to the neutrophil fraction 
increased. Recently, Sweemam et al (10) reported that, 
besides total leukocyte count and neutrophil count, an 
elevated peripheral blood eosinophil count also was 
associated with an increased incidence of ischemic 
heart disease. They did not adjust for total leukocyte 
count or neutrophil count (10), but their results were 
adjusted for smoking, a well-known risk factor for car- 
diovascular disease (11). In contrast with the former 
two studies, OUvares et al. (12) found no association 
between the leukocyte subpopulations eosinophilia and 
neutrophilia, analyzed as absolute and proportional 
counts, and incidence of ischemic heart disease (only 
46 cases) after adjustment for age and smoking. It is, 
therefore, a controversial issue whether smoking influ- 
ences the association between eosinophils and the inci- 
dence of ischemic heart disease. 



PAGE 17/43* RCVD AT 7/2812006 5:11:55 PM [Eastern Daylight Time] 1 SVR:USPTQ£FXRMI15 ' DNIS:2738300 * CSID:ffl8 2985405 * DUWTION (mm-ss):20-50 



07/28/06 16:19 FAX 908 298 5405 



S CHER I NG- PLOUGH 



©018/043 

i 
I 



Allergy and Cardiovascular Death 483 



A similar argument holds for reduced levels of lung 
function- Low FEV l is associated with a higher periph- 
eral blood eosinophil count (13, 14) and with a higher 
incidence of cardiovascular disease, independent of 
smoking (5, 6, 15, 16). On the oasis of clinical obser- 
vations, Rozencwatg (7) suggested a higher incidence 
of cardiovascular disease in patients with positive 
allergy tests, but the fact that he did not adjust for other 
risk factors for cardiovascular disease may have con- 
founded the association between allergy and the inci- 
dence of cardiovascular disease. Cardiovascular dis- 
ease is the most important cause of death in Western 
countries. Smoking and FEV t are not only associated 
with cardiovascular disease but also with cardiovascu- 
lar mortality (6, 17). 

We were interested whether subjects with objective 
allergy markers, peripheral blood eosinophilia and/or 
positive skin tests to common aeroallergens, have 
increased cardiovascular mortality frorn ischemic and 
cardiovascular diseases other than ischemic heart dis- 
ease, after adjustment for major risk factors. We also 
investigated whether these associations were restricted 
to asthmatic individuals, since allergy exists in almost 
all patients with' asthma (1 8). 

MATERIAL5 AND METHODS 
Population 

The Vlagtwedde- Vlaardi ngen Study is an epidemio- 
logic field study of risk factors for asthma and chronic 
obstructive pulmonary disease in a random sample of 
the inhabitants of two Dutch communities. The popu- 
lation selection has been described previously ( 19, 20). 
Briefly, in. 1965 this* study was carried out in 
Vlagtwedde, a rural area in the northeast, and in 
Vlaardingen, an urban area in the western part of the 
Netherlands, in subjects aged 40-64 years, followed 
by a survey of young people aged 15-39 years in 1967 
in Vlagtwedde and in 1969 in Vlaardingen. In some 
cases, eosinophil counts were not available in the first 
survey but were available in the first follow-up survey 
in 1970 in Vlagtwedde or in 1972 in Vlaardingen, and 
in those cases data from the first follow-up were used 
(629 cases). A total of 6,378 subjects had a peripheral 
blood eosinophil count available, and 6,324 had both a 
peripheral blood eosinophil count and skin tests avail- 
able; 117 subjects were excluded because of missin g 
data on lung function, smoking, weight, or asthma sta- 
tus. Because of the unsatisfactory quality (n = 795) or 
lack of an assessment (n = 30) of the spirogram, 
another 825 subjects were excluded. A total of 5,382 
men and women had peripheral blood eosinophil 
counts, skin tests, and complete data for all other 
covariates. 



Peripheral blood eosinophil count 

Peripheral blood eosinophil counts were assessed in 
a 1:11 dilution of peripheral blood using a Burker 
counting chamber (18, 20). Eosinophilia was defined 
as £275 cells/mm 3 of blood, a cutoff point based on the 
investigation by Veening (21). 

Allergen skin testing 

Four common aeroallergens were applied intracuta- 
neous^ to the volar forearm: house dust, mixed 
pollen, epidermal products, and mixed molds (20, 
22). Wheal diameters for each allergen were mea- 
sured to the nearest 0-5 mm and coded on a six-point 
scale (0 = 0-5 mm, 1 = 5.1-7.5 mm, 2 = 7.6-10 mm, 
3 => 10 J -12.5 mm, 4 = 12.6-15 mm, 5 = >15 mm). 
Scores for the four allergens were added to a skin test 
sum score (range, 0-20). Positive skin tests were 
defined as a skin test sum score of >3 (18). A hista- 
mine Diphosphate solution was used as a positive con- 
trol (20, 22). Eight subjects had no data on the posi- 
tive control, and 391 subjects had ao reaction to the 
positive control. 

Body mass index 

Body mass index was calculated as weight 
(kg)/beight (m)* and divided into four classes accord- 
ing to World Health Organization criteria: under- 
weight, <18.50; normal weight, 18.50-24.99; over^ 
weight, 25,00-29.99; and obesity £30 kg/m 2 (23). 

Questionnaire^ 

Data on age, sex, smoking habits, and respiratory 
symptoms were collected by means of a Dutch ver- 
sion of the British Medical Research Council's stan- 
dard questionnaire (24—26). Interviews were per- 
formed by trained interviewers. Smoking was 
considered as a categorical variable; exsmokers had 
stopped smoking at least 1 month before the examina- 
tion, and current smokers smoked £1 cigarette a day. 
Pipe and cigar smokers were also considered as smok- 
ers. Asthma was considered to be present if an affir- 
mative answer was given to the question of whether a 
subject had ever experienced attacks of shortness of 
breath with wheezing at rest (asthma attacks). Thus, 
asthma was self-reported and not physician-diagnosed 
asthma. 

Spirometry 

FEV J was assessed with a water-sealed spiro- 
meter (D 53; Lode Instruments, Groningen, the 
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Netherlands). Measurement of inspiratory vital capac- 
ity after a deep expiration was followed by the mea- 
surement of FEVj. Subjects performed the maneuver 
until two technically satisfactory tracings were pro- 
duced, the higher value of these tracings being taken 
as the baseline measurement (13, 20). The percent 
predicted reference values were calculated with 
regression coefficients derived from analysis of our 
own population data. For all asymptomatic subjects 
regardless of their smoking habits who took part in the 
1965/1967/1969 survey 1 or, when no complete data 
for all covariates were available from this first survey, 
in the 1970/1972 survey 2, we computed regression 
equations for FEV, as a function of age and height, 
with an age cutoff of 21 years for both sexes sepa- 
rately. The actual measured FEV t value was expressed 
as the percentage of the predicted FEV r FEV, was 
used in the analyses as <80 percent of predicted for 
subjects with reduced and as £80 percent of predicted 
for subjects with (near) normal lung function, as 
reported by Lange et al (6). The latter group was 
divided into subgroups with near normal (80-99.99 
percent) and normal (>100 percent of the FEV, per- 
cent predicted) lung function. 

Follow-up 

Until March 10, 1995, subjects were traced for their 
vital status (alive, dead, lost to follow-up) with 99 per- 
cent success (4,172 alive and 1,135 dead); only 75 sub- 
jects (I percent) were lost to follow-up. Survival time 
was calculated for each subject from the date of entry 
into the study (between 1965 and 1972) until the end 
of follow-up at one of the following three times: 1) 
March 10, 1995, for subjects registered at the munici- 
palities as being alive; 2) the date of death for subjects 
identified in the Death Register of the municipalities; 
or 3) the last registration of subjects lost to follow-up, 
for example, date of last survey attended or date of 
move when the new address could not be traced. 
Causes of death were obtained from the Netherlands 
Central Bureau of Statistics in Voorburg. Cardio- 
vascular death was classified according to 
International Classification of Diseases (LCD) codes 
for cardiovascular disease, during 1965-1995: ICD, 
Revisions 7, 8, and 9 (ICD-7, ICD-8. and ICD-9, 
respectively). Cardiovascular death was divided into 
that due to ischemic and cardiovascular diseases other 
man ischemic heart disease, with the latter group sub- 
divided into death due to cerebrovascular and other 
cardiovascular diseases. This last subgroup included 
death due to rheumatic heart disease, diseases of the 
arteries, hypertensive disease, other heart disease, 
other diseases of the vascular system, pulmonary 
embolism, and (sub)acute endocarditis according to 



the classification of Mackenbach et al. (27, 28) (see 
Appendix). 

Statistical analyses 

Associations between the allergy markers and mor- 
tality from cardiovascular disease were estimated with 
the Cox proportional hazard model (29). Time was 
defined from the initial examination until the endpoint 
of interest, either cardiovascular death or one of its 
subgroups. Censoring took place when the subjects 
were still alive at March 10, 1995, were lost to follow- 
up (only 1 percent), or died from another cause (30). A 
proportional hazards model accounts for varying inter- 
vals in follow-up among subjects (e.g., censoring) and 
permits for control the potential confounding effects of 
other risk factors. Analyses were performed with 
simultaneous adjustment for city (Vlaardingen vs. 
Vlagtwedde), sex, age, smoking habits, FEV 1 percent 
predicted, and body mass index at the start of the study 
(table 3). Analyses were repeated for the two sub- 
groups of cardiovascular death, ischemic and cardio- 
vascular diseases other than ischemic heart disease, 
and for the two subgroups of death due to cardiovas- 
cular diseases other than ischemic heart disease, cere- 
brovascular death and death due to other cardiovascu- 
lar disease. Differences among subgroups of sex, age, 
smoking habits, lung function, body mass index, and 
city were tested by inclusion of an interaction term 
with the allergy markers in the model. In addition, we 
added a history of asthma attacks to this model, as both 
a single term and a term for interaction with the allergy 
markers, to test whether subjects with both allergy and 
asthma had a higher risk of mortality from cardiovas- 
cular disease. If an interaction with one of these 
covariables was statistically significant (p value < 
0.05), it was added to the model (table 4). 

RESULTS 

Table 1 shows the population characteristics at me 
start of the study stratified by the absence or presence of 
eosinophilia and positive skin tests. Twelve percent (662 
subjects) had eosinophilia, and 15 percent (834 subjects) 
bad positive skin tests. Only 3 percent (161 subjects) had 
both eosinophilia and positive skin tests. Subjects with 
eosinophilia were more often male, smoked more often, 
had lower levels of FEV, percent predicted, had more 
often a history of asthma attacks, and lived more often in 
Vlaardingen than did subjects without eosinophilia. 
Subjects with positive skin tests were more often male, 
smoked more often, were younger, had a lower body 
mass index, had more often a history of asthma attacks, 
and lived more often in Vlaardingen than did subjects 
without positive skin tests. 
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TABLE 1 . Baseline characteristics of 5.382 subjects at the start of the study In 1965-1972 for all subjects, subjects without and 
with eosinophil^ or positive skin tests, Vlagtwedde-Vlaardlngen Study, tha Netherlands 



Tom) 

Eosinophil 
Subjects without 
Subjects with 

p value? 

Positive 3tctn teals 
Subjects without 
Subjects with 

p value 



Tbla! 
subjects 




Men 
{%) 


Mean 
age 
(years) 




Smoking 
(%) 




Mean FEV,* 
% predicted 


FEV,% predicted 
(%) 


Ho. 


% 


Never 


Exsmeker 


Yqb 


£100% QO-09.99% <60% 


5,382 


100 


54 


38 <13)T 


36 


Q 


55 


9B (15) 


47 


44 9 


4,720 
662 


B8 

12 


54 
58 

0,09 


36(13) 
35(14) 

NB* 


36 
32 


9 
8 

0.02 


55 
60 


99(15) 
95 (17) 

<0.001 


43 
39 


44 B 
46 15 


4.546 
634. 


84 

15 


63 
60 

<0.Q01 


37 (13) 
31 (12) 

<0.001 


36 


9 
9 

0.01 


55 
50 


98(15) 
98(15) 

MS 


47 
43 


44 9 
43 9 



"total 

Eoelnophflia 
Subjects without 
Subjects with 

p value 

Positive atdn testa 
Subjects without 
Subjects with 

p value 



% with the following body maj 


is index 


Asthma 




Subjects with 
positive skin 
teste 


Subjects 
with 
eostncphilis 


Residence 
(%) 


<iaso 


ia.50~ 

24.99 


25.00- 
29.99 




No. 


% 


No. % 


No. 


% 


VTasj'- Vlagt- 
dingen wedde 


2 


50 


SB 


10 


192 


3 


834 16 


6B2 


12 


4S 


55 


2 

2 


50 
54 


38 

35 


10 
6 


128 
54 


3 
8 


673 14 
161 24 






43 
59 


5T 
41 




NS 






<0.001 




<0.001 






<0.001 


2 
2 


49 
69 

<0.01 


39 
33 


10 
6 


119 
63 

<0.001 


3 
B 




501 
161 


11 
19 


43 
55 


57 
48 

<0.001 



" FEV,,' forced expiratory volume in 1 second; NS, not significant at p < 0.05. 
t Numbers In parentheses, standard deviation, 
i p values calculated by chf-squara or / test 



i 



Table 2 shows that, of the 1,135 deaths occurring 
during follow-up, 507 (45 percent) were due to cardio- 
vascular disease: 89 (51 percent) in the group with 
eosinophilia and 44 (43 percent) in the group with pos- 
itive skin tests. There were 303 deaths (27 percent) 
from ischemic heart disease, 51 .(29 percent) in the 
group with eosinophilia and 25 (25 percent) in the 
group with positive skin tests. There were 204 deaths 
(18 percent) from cardiovascular diseases other than 
ischemic heart disease (nonischemic heart death in the 
table), of which 95 (8 percent) died from cerebrovas- 
cular disease and 109 (10 percent) subjects died from 
other cardiovascular disease. 

Eosinophilia was associated with an increased risk 
for death from cardiovascular disease (relative risk 
(RR) = 1.73; 95 percent confidence interval (CI): 1.37, 
2.18), independent of skin tests, sex, age, smoking 
habits, FEVj percent predicted, body mass index, and 
city at the start of the study (table 3). This increased 
mortality risk was present for both ischemic heart dis- 
ease (RR = 1.64; 95 percent Cl: 1.21, 2.23) and car- 
diovascular diseases other than ischemic heart disease 
(RR = 1.92; 95 percent CI: 1.34, 2.74). In the latter 
group, death from cerebrovascular disease (RR = 2.30; 
95 percent CI: 1.39, 3.79) was significantly increased. 



In contrast, the presence of positive skin tests was not 
associated with increased mortality from all cardiovas- 
cular diseases (RR = 1.03; 95 percent CI: 0.75, 1.42) 
or any of the subgroups. The association between 
eosinophilia and cardiovascular mortality was not dif- 
ferent for subjects with and without positive skin tests. 
Furthermore, sex, age, smoking, FEV l percent pre- 
dicted, and body mass index were all associated with 
increased mortality from cardiovascular disease and 
ischemic heart disease, but not the variables exsmok- 
ing and city. Smoking and overweight were not asso- 
ciated with death due to cardiovascular diseases other 
than ischemic heart disease (nonischemic deaths in 
table 3) and its subgroups. In contrast, underweight 
(body mass index of <18.50 kg/ra*) was associated 
with death due to cardiovascular diseases other than 
ischemic heart disease and its subgroups and not with 
ischemic heart death. Finally, subjects in Vlaardrngen 
had a significantly increased risk for death from car- 
diovascular diseases other than ischemic heart disease. 

When the presence of self-reported asthma and the 
interaction terms of asthma with the allergy markers 
were added to this model, the associations of 
eosinophilia and increased risk of cardiovascular death 
and its subgroups remained unchanged (table 3, lower 
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TABLE 2. FoUowwup data and specification of cardiovascular death causes during 30 years of follcnftwip for all subiectt who 
participated In the Vlagtwedde-Vteardlngen Study (the Netherlands) In 1965-1972, subdivided Into subjects without end with 
eosinophils or positive skin tests . 



Eosinophil 



Positive skin tests 



subjects without 



No. 



No. 



Subjects with 
No. % 



Subjscte without 



All subjects 



Alive 

Lost to follow-up 
Deaths 
Total subjects 



All deceased subjects 



* Including 10 daaths of unknown cause because subjects died abroad. 



Subjects with 



4,172 


78 


3,696 


76 


474 


72 


3,460 


76 


712 


• 85 


75 


1 


62 


1 ■ 


13 


2 


55 


1 


20 


2 


1.135 


21 


960 


20 


175 


26 


1,033 


23 


102 


12 


5.382 


100 


4,720 


100 


662 


100 


4,548 


100 


834 


100 



Cardiovascular death 


507 


45 


418 


44 


69 


51 


463 


45 


44 


43 


Ischemic heart death 


303 


27 


252 


26 


51 


29 


276 


27 


25 


25 


Nonischemic heart death 


204 


18 


166 


17 


38 


22 


185 


18 


19 


19 


Cerebrovascular death 


95 


. 6 


75 


8 


20 


11 


68 


9 


7 


6 


Other cardiovascular death 


109 


10 


91 


9 


16 


10 


97 


9 


12 


12 


Other death causas* 


628 


55 


542 


56 


85 


49 


570 


55 


58 


57 


Total deaths 


1.135 


100 


960 


100 


175 


100 


1.033 


100 


102 


100 



jr 1 
•ft; 
'ft 



panel). The association between positive skin tests and 
cardiovascular mortality and its subgroups was limited 
to subjects with both positive skin tests and asthma who 
had an increased risk for death from other cardiovascu- 
lar disease <RR = 7.65; 95 percent CI: 1.61, 36.4). 

Further analyses revealed thai the association 
between eosinophils and cardiovascular mortality 
was not different for subgroups of sex, age, smoking 
habits, body mass index, and city. Table 4 shows that 
the association between eosinophilia and cardiovascu- 
lar mortality was limited to subgroups with FEV l per- 
cent predicted < 100 percent: subjects with 
eosinophilia had a 1.10 (95 percent CI: 0.70, L73) 
increased risk in the subgroup with FEVj percent pre- 
dicted >100 percent a 2.07 (RR = 1.1 x 1.88; 95 per- 
cent CI: 1.48, 2.89) increased risk in the subgroup 
with FEVj percent predicted 80-99.99 percent, and a 
2.12 increased risk (RR = 1.1 x 1.94; 95 percent CI: 
1.32, 3.43) in the subgroup with FEV 1 percent pre- 
dicted <80 percent compared with subjects without 
eosinophilia. Although not statistically significant, the 
same pattern was present for mortality from ischemic 
and cardiovascular diseases other than ischemic heart 
disease and, within the subgroup of cardiovascular 
diseases other than ischemic heart disease, in the 
group of other cardiovascular disease. 

The association between positive skin tests and car- 
diovascular death was different within subgroups of 
FEV 1 percent predicted, body mass index, and smok- 
ing but not within subgroups of sex and age. Subjects 



with (near) normal lung function and body weight, that 
is, FEVj percent predicted >80 percent and body mass 
index 18-50-24.99 kg/m 2 , who did not smoke had a 
significantly reduced risk for cardiovascular death (RR 
= 0.15; 95 percent CI: 0.05, 0.46), ischemic heart dis- 
ease death (RR = 0.10; 95 percent CI: 0,02, 0,50), and 
death from other cardiovascular disease (RR = 0. 1 1 ; 95 
percent CI: 0.01, 0.99). Conversely, this risk increased 
by 8,3 (1.42 x 5.86), 3.8 (1.14 x 3.33), 10 (1.19 x 
8.40), or 3.9 (1.55 X 2.50)-fold when subjects had low 
FEV, (<80 percent of predicted) or were overweight 
(body mass index 25.00-29.99), were obese (body 
mass index ^30 kg/m 2 ), or smoked, respectively. The 
same pattern was seen for mortality from ischemic and 
cardiovascular diseases other than ischemic heart dis- 
ease and within the latter subgroup for death from 
other cardiovascular disease. Adjustment for the inter- 
action between FEVj percent predicted and body mass 
index did not change these results. 

Additional adjustment of the models in table 4 for 
asthma and its interactions with the allergy markers 
did not essentially change the associations of 
eosinophilia and the presence of positive skin tests 
with cardiovascular mortality. The relative risk for 
positive skin tests and asthma with mortality from 
other cardiovascular disease was reduced from 7.65 
(95 percent CI: 1.61, 36.4; table 3) to 4.66 (95 percent 
CI: 0.83, 26.2) and was no longer significant after 
interactions of eosinophilia and positive skin tests with 
other risk factors were taken into account. 

Am J Epidemiol Vol. 150, No. 5, 1999 
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TABLE 3. Relative risks of cardiovascular mortality during 30 years of foNow-up in relation to eoslnopnMa and posltrva skin 
testa In 19S5-1972 in Cox regression In the Vlagtwedde-vTaartlngen Study (the Netherlands; n =* 5,362), adjusted tor major risk 
factors and without and with additional adjustment for a history of asthma attacks 



All 

cardiovascular 
deaths 
(n *= 507) 



All card avascular doatfis 



Nonischemic head deaths 



Ischemic 



Nonischemic 
(n = 204) 



Cerebrovascular 
(n = 9S) 



Other 
cftrdtevasculaT 
(/)=109) 



No adjustment for asthma * 



Eosinophilia 
Positive skin tests 
Male sex 

Age, per 1 0yaar increase 

Smoking 

ExsmokinO, 

FEV, % pred!cted§ 

S100% 

80-99.99% 

<80% 

Body mass index (kg/m*) 

<18.50 

18.50-24.99 

25.00-29.99 

>30 
City 



1.73 (1.37,2.18)*,* 
1.03 (0.75, 1.42) 
1.60(1.22, 2.09)* 
3.46 (3,16, 3.84)4: 
1.61 (1 .21,2.14)* 
1.36 (0.93, 2.01) 



1.20 (0 99,146) 
1.82 (1.42, 2.34)* 

2.34 (0.57, 9.52) 
1 

155 (1,02. 1.54)* 
1.40 (1.05 r 1.83)* 
1.02(0.86, 1.22) 



1.64 (1.21.2^3)* 
0.95 (0-62, 1.44) 
1.SO (1.26, 2.5B)* 
3.05 (2.71,3.44)* 
2.14(1 .46, 3,15)* 
1.33 (0.77, 2.29) 



1.22 (0.96, 1.57) 
1.56(1.11.2.18)* 

0.00 (O.00 T ~) 
1 

1.41 (1.08, 1.84)* 
1.72 (1.19, 2.51)* 
0.82(0.65,1.04) 



1.92(1.34, 2.74)* 
1.16(0.72,1.88) 
1.35 (0.89, 2.04) 
4.44 (3.74, 5.27)* 
1.11 (0.72, 1.70) 
1.48 (0.85, 2-57) 



1,15(0.84,1.57) 
2.26(1.55, 3.29)* 



2.30 (1.39, 3.79)* 
0.91 (0.42. 2.00) 
0.97 (0,53,1.76) 
4.62 (3.60, 5.94)* 
1.35(0.72, 2.54) 
2.09 (0.95, 4.61) 

1 

1.15(0.73. 1.79) 
1.76 (0.98, 3.13) 



1.62 (0,97, 2-70) 
1.40(0.75. 2.59) 
1.79(1.01,3.17)* 
4.30 (3.40, 5.45)* 
0.94 (0.53, 1.69) 
1.10 (0.51.2 38) 



1.15(0.75, 1.77) 
2.75(1.67, 4^3)* 



6.25 (1-96, 34.7)* 9.09 (1 .19. 69.7)* 7.59 (1.00, 57.6)* 



1 

1.03 (0.74, 1-42) 
1.03 (0.65, 1.63) 
1.43 (1.07. 1.89)* 



0.94 (0.59, 1.49) 
0.80 (0.41,1.56) 
0.96 (0.63,1,44) 



With additional adjustments for asthma and its Interactions with the allergy markers H 



Eosinophllia 
Positive skin teste 
Asthma 

Eosinophfllaand asthma 
Positive skin teste and 
asthma 



1.63 (1.28, 2.09)* 
0.95 (0.68, 1 .33) 
0.75(0,44, 1.29) 
1.73(0.78,3.87) 



1.63(1,19, 255)* 
0.93 (0.60. 1.43) 
0.86 (0.44, 1.67) 
1.11 (0.36, 3.46) 



1.69 (1-14, 2.51)* 
0.97(0.57, 1.67) 
0.63(0.25, 1.59) 
2.55 (0.74, 8.75) 



2.10(1.23, 3.57)* 
0.97 (0.44, 2.13) 
0.31 (0,04, 256) 
6-13(0.59, 64.3) 



2.36 (0.89, 6.34) 1 .40 (059, 6.70) 3.79 (1 .00, 1 4.4) 



1.12 (0.72. 1.75) 
1.29 (0.70. 2.40) 
2.04 (158, 3.06)* 



1.36 (0.75, 2.44) 
0.98 (0.47, 2.06) 
0-85 (058, 2.58) 
1.87 (0.42, 8.40) 

7.65 (1,61.36.4)* 



* values are the result when adjusted for eosinophilia, positive skin tests, sex. age, smoking habits, FEV, % predicted, body mass 
Index, and city. 

f Numbers in parentheses, 95% confidence interval. 

* Significant at p < 0.05. 

§ FEV, % predicted, percentage of predicted forced expiratory volume In 1 second. 

U Values are the result when adjusted for eosinophilia, positive skin tests, sex, age, smoWng habits, FEV, % predicted, body mass 
Index, dty, and asthma and the interactions of the allergy markers with asthma, j 



DISCUSSION 

To our knowledge, this is the first large-scale study 
showing that eosinophilia is significantly associated 
with increased risk for cardiovascular death (RR =: 1.7; 
95 percent CL 1.4, 2.2), not only with death from 
ischemic heart disease (RR = 1.6; 95 percent CI: 1.2, 
2.2) but also with cerebrovascular disease death (RR = 
2.3; 95 percent CI: 1.4, 3.8). This increased risk was 
restricted to subjects with a loiy or (near) normal lung 
function, that is, an FEV 1 <100 percent of predicted. 
Subjects with positive skin tests had a decreased risk 
of mortality from cardiovascular disease when they 
had normal weight and FEV l percent predicted £80 
percent and did not smoke. In contrast, subjects with 
positive skin tests had an increased risk for cardiovas- 
cular mortality when they had one or more risk factors 
for cardiovascular mortality, that is, increased body 
mass index, FEV, percent predicted <80 percent, or 



smoking. Furthermore, these associations were present 
independent of a history of asthma attacks. 

As far as we know, there is no literature on the rela- 
tion between eosinophilia and cardiovascular death. 
Three stndies have observed a higher incidence of 
ischemic heart disease with eosinophilic including the 
first event of angina pectoris, myocardial infarction, or 
death due to ischemic heart disease (9, 10, 12). These 
studies were all restricted to the incidence of ischemic 
heart disease within 5 years of follow-up. Our study 
extends these observations in that the association 
between eosinophilia and death due to ischemic heart 
disease is present during a maximum of 30 years of 
follow-up and after adjustment for other major risk 
factors for cardiovascular mortality. Thus, eosinophils 
may play a role in not only the incidence of but also 
the mortality from cardiovascular disease. 

In this study eosinophilia was not only related to 
ischemic heart death but also-strongly to cerehrovascn- 



!! 
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table 4 Relative risks of cardiovascular mortality during 30 years of follow-up in relation to eosinophil* and positive skm 
lasts In Cox regression In the ViagtwedrJe-Vlaardlngen Study (the Netherlands; n = 5,382), adjusted for ma]or risk factors and 
additional adjustment for the interactions of the allergy markers with these risk factors 



Variable 



Na 



Eosinophils (EO+) 662 

Positive Stfn teste (ST+) 66* 

Male sex 2,9*0 

Ago, per 1 0-year increase 

Smoking 2,902 

Fjsmoklng 475 

FEV, % predictad§ 

2100% 2,629 

BO-99.09% 2.3S1 
«80% 

BMI§ (kj/m 2 ) 

<18.50 0* 

18J50-2A.99 2,719 

29.00-a9.G9 2,044 

%S0 52S 

City 2,406 

EO+ and FEV, % predicted 

£100% 259 
EO+ and FEV % predicted 

00-99.9^ 306 
EO+ and FEV % predicted 

<90% 97 

ST+ and 5 mo king 490 

ST+ and axamokine, 79 
ST+and FEV, % predicted 

£100% 403 
ST+ and FEV % predicted 

60-09.99% 361 
ST+ and FEV. % predicted 

<B0% 70 

ST+ end BMI «1 8.50 kg/m 2 1 B 
ST+ and BM1 16.60-24,99 

kg/m* 495 
ST+ and BMI 25.00-29.99 

kg/m» Z71 

ST+ and BMI &30 kg/rrr 1 50 



Ail 

cardiovascular 
deaths 
(0 = 507) 



An cardiovascular deaths 



Nonischemic heart deaths 



Ischemic 
(n = 303) 



Nonischemic 
(no 204) 



Cerebrovascular 
(n-OS) 



Other 
cardiovascular 
(rt = 109) 



1.10 (0.70,1.73)*,t 
0.15 (0.05, 0.46)* 

1.62 (1-24, 2.13)* 
3.56 (3.22, 3.93)4: 
1.55 (1.16, 2.07)* 
1.28(0.68, 1-92) 

1 

1.11 (0.99, 1-33) 
1.42 (1.06.1-91)* 

2.52 (0.62, 10,6) 
1 

1.14(0.92,1.41) 
1,19(0.06,1.61) 
1.04 (0.87, 1.25) 



1.09(0.91, 1-95) 

0. 10(0.02, 0-SO)* 

1. B5 (1.29, 2.66)* 
3.11 (2.76, 3-50)* 
2.10(1.42, 3.12)* 
1.31 (0.75, 2.30) 



1.14(0.87, 1.60) 
1.11 (0.74,1 66) 

0.00 (0.00„ «-) 
1 

1-27(0.96, 1,66) 
1.45(0.98. 2.14) 
0.84, 0.67,1,06) 



1.15(0.55, 2.41) 
0.20 (0.04-, 1.05) 

1.35(0.89, 2.04) 
4.54(3.81,5.41)* 
1.04 (0,67,1-61) 
1.34(0,75, 2^9) 



1.05 (0.73, 1.40) 
1.98(1.29, 3.05)* 

0.12(2.17.38,3)* 
1 

0.S5 (0.68, 1.33) 
0.89 (0.56, 1.43) 
1.45(1.09,1.93)* 



1 .08 (1 .07. 3^1)* 1 .59 (0,77. 3-31 ) 2.32 (0.95, 5.67) 



1.94 (1.00, 3.75)* 
Z50 (1.01, 6.16)* 
2.85(0.91.8.97) 



1.01 (0.48,2.13) 

5,88 (2.62, 13.1)* 
0.00 (0.00, «) 



3.33(1.58, 7.02)* 
B.40 (2.97. 23.8)* 



2.20 <0-03, 551) 
1.60 (0-55, 5.88) 
1.46 (0-26. 6.39) 

1 

t.40 (0.60, 3.60) 

10.6 (3.66. 31.8)* 
5-17 (0.00., «) 



4.98 (1.68, 14.6)* 
10.6 (2.52, 44-$)* 



1.63 (0.56, 4,59) 
4.09(0.96, 17.1) 
5.57 (1.09, 26-6)* 



0.66 (021, 2.01) 

2.98 (0.86, 10.1) 
0.00 (0,00. ~) 



2.34 (0.B2. 6.96) 
7.64(1.57,37.0)? 



1,66(0.64. 4.26) 
0x13 (0.03. 6.33) 

0.06 (0.52,1.75) 
4.63 (3.S9, 5.96)* 
1.26(0-67, 2,44) 
2.05(0,91.4.64) 



1.08 (0.04, 1.61) 
1.61 (0.94, 3.46) 

10.1 (1.32,77.9)* 
1 

0.95 (0.50. 1.55) 
0.75 (0,38, 
0.G6 (0.63, 1 



. 1-55) 
.1.51) 
,1.45) 



1.86 (0.60, 6.38) 

1.08 (024, 4,80) 
4.07 (034, 49.3) 
3.43 (0.16,74.3) 

1 

0-3B (0.06, 2.25) 

1.01 (0.10. 10.3) 
0.00(0.00. oo) 



0.78 (0.13. 4.99) 
4.90 (0.36. 66-3) 



0.77 (0.24, £52) 
0.11 (0.01,0.99)* 

1,62 (1.02, 3.23)* 
4,62 (3.54. 5.76)* 
0.88(046,1.59) 
0.91 (0.39. 2.09) 

1 

1.02(0.63, 1.87) 
2.11 (1.19,3.76)* 

6-35(1-10, 63.3)* 
1 

0.95(0,60,1.53) 
1.04(0-54,1.97) 
2.09 (1.39.3.13)* 



1 

2.62 (0.70,11.4) 

2-61 (036, 11.6) 
3.85 0X67,22.1) 
6.69(0.96,494) 



1.02(0.23, 4.48) 

5.38 (1.13, 25.6)* 
0.00 (0.00, °°) 



$.00 (1.15,21.7)* 
1Q.2 (156,81.3)* 



♦ vaJues are the result when adjusted for eosinophil la, positive skin teats, a ax, ags, smoking habits, FEV 1 % predicted, body mass index, city, and the niter- 
actions presented. ' 

t Numbers En paramhaaas. 95% confidence Interval. 

* Significant at p < 0l05. 

§ FEV, % predicted, percentage of predicted forged explmtory volume in 1 second; BMI, body mass Index. 



lar death. The relation between eosinophilia and death 
from cerebrovascular disease has never been studied 
before. It is important to realize that, when we studied 
cerebrovascular death, we used all deaths due to cere- 
brovascular disease as the endpoint of interest (95 of 
507 cardiovascular deaths) and considered all 412 other 
cardiovascular deaths as censored. Thus, the reference 
group included all subjects still alive, lost to follow-up, 
and dead from causes other than cerebrovascular dis- 
ease, for example, cancer and ischemic heart disease. 
Therefore, the increased relative death risk of 2.2 dne to 
cerebrovascular disease is even underestimated, 
because there were subjects with eosinophilia who had 
already died from ischemic heart disease. 

The predictive relation of a single risk factor, for 
example, eosinophilia, for cardiovascular mortality 



may reflect its association with other risk factors. It 
has long been recognized that the established risk fac- 
tors male sex, older age, smoking (11), hypertension, 
hypercholesterolemia (1-^t), overweight (3)» and total 
leukocyte count (3 1-33) are associated with increased 
cardiovascular mortality, as well as low lung function 
(5, 6). Data on hypercholesterolemia and hypertension 
were not available in this cohort study, yet that seems 
of little importance since we found no evidence in the 
literature that eosinophilia is associated with hyper- 
cholesterolemia or hypertension. In contrast, male 
sex, smoking, and low lung function (13, 14, 22) are 
all associated with eosinophilia. In this study, 
eosinophilia remained a risk factor, after controlling 
for smoking, only in subjects with an FEV, <100 per- 
cent pf-predicted. 

Am J Epidemiol Vol. 150, No. 5, 1 999 
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Since the total leukocyte count is not available, we 
cannot rule out that the associations are a reflection of 
the known association of total leukocyte counts with 
cardiovascular disease (31-33). In the 1960s the inter- 
est of the researchers focused on eosinophilia as an 
allergy marker and not as a part of the total leukocyte 
count, and they measured only the absolute eosinophil 
count. Only in the last follow-up in 1989/1990 of the 
young cohort, aged 15-39 years at the initial survey in 
1967/1969, was the total leukocyte count also mea- 
sured. The correlation coefficient between eosinophils 
and total leukocyte count was 0.24, which means that 
0.78 of the variation in eosinophils was not explained 
by its association with total leukocyte counts. In addi- 
tion, Prentice et al. (9) showed that, based on 79,274 
total leukocyte and differential determinations, the 
average eosinophil fraction of the total leukocyte count 
was 2.8 percent. Since the eosinophil count constitutes 
only such a small fraction of the total leukocyte count, 
elevated eosinophil counts need not influence the total 
leukocyte count, and an increased total leukocyte 
count need not be caused by an increased eosinophil 
count. Therefore, we think that our results are not just 
a reflection of the association of total leukocyte count 
with cardiovascular disease. 

Because of the relation between eorinophilia and 
both ischemic heart disease mortality and mortality 
from cerebrovascular disease, it seems plausible that 
eosinophils have a role in the endothelial inflammation 
of atherosclerosis. We suggest two potential mecha- 
nisms. Firsu Marone (34) proposed the mechanism 
that eosinophils can secrete among others eosinophil 
cationic protein and major basic protein, which can 
activate cardiac mast cells. These activated mast cells 
can then release histamine, which can result in coro- 
nary artery spasm and arrhythmias. This theory is in 
agreement with those of Hallgren et al. (35, 36), who 
suggested the active participation of eosinophils in the 
inflammatory process in patients with acute myocar- 
dial infarction, and Trillo (37), who found eosinophils 
in the aortic fatty streaks of African green monkeys. 
Second, the enzyme arachidonate 15-lipoxygenase is 
expressed in si gnific ant quantities in eosinophils (38, 
39). This enzyme may be involved in oxidative modi- 
fication of low density lipoprotein in the early phase of 
atherogenesis and may coniribute to the development 
of atherosclerotic lesions (40). 

Subjects with positive skin tests, normal body 
weight, and (near) norma) lung function who did not 
smoke had a decreased risk for total cardiovascular 
mortality. However, when subjects with positive skin 
tests had an accumnlation of other risk factors for car- 
diovascular mortality, especially obesity, low levels of 
lung function, or smoking, they had an increased risk 

Am J Epidemiol Vol. 150. No. 5, 1 999 



of cardiovascular mortality. This is the first time that 
the relation between positive skin tests and mortality 
from cardiovascular disease has been investigated, and 
the results need confirmation. Rozencwaig (7) 
reported an increased incidence of heart disease in 50 
allergic patients with positive allergy tests compared 
with 50 nonallergic patients. However, he did not men- 
tion explicitly that respiratory allergy was studied, and 
the results were not adjusted for lung function, body 
mass index, and smoking habits. His patients most 
likely had not only positive allergy tests but other risk 
factors for cardiovascular mortality that may have dri- 
ven the results. We found that the presence of positive 
skin tests was not associated with cardiovascular mor- 
tality, after adjustment for its major risk factors (table 
3). This result is probably due to the high prevalence 
of overweight and obesity (almost 50 percent) and 
smoking (55 percent) in this population (table 1). We 
can only speculate as to the mechanisms behind these 
associations. One explanation might be that positive 
skin tests are associated with other well-known risk 
factors for cardiovascular mortality for which we did 
not adjust in this study, that is, hypertension, hyper- 
cholesterolemia, physical inactivity, psychosocial fac- 
tors, and diabetes mellitus. To our knowledge, how- 
ever, there is no evidence of increased prevalence of 
these risk factors in subjects with positive skin tests. 

Our study showed that body mass index, a well- 
known risk factor for cardiovascular mortality (3), was 
not predictive by itself after taking into account its 
interaction with the presence of positive skin tests 
(table 4). Furthermore, it seems that the .association 
between impaired lung function and cardiovascular 
disease, which has been reported several times (5, 6), 
was partly mediated by the presence of allergy, mani- 
fested as both positive skin tests and eosinophilic 
These observations point out new areas for research in 
the pathogenesis of cardiovascular disease for mani- 
festations of allergy in combination with well-known 
risk factors for cardiovascular mortality. 

In conclusion, our data suggest a possible link 
between the allergy markers, peripheral blood 
eosinophilia and positive skin bests, and cardiovascular 
mortality, both mortality of ischemic heart disease and 
cerebrovascular disease. These increased risks were 
present in combination with other risk factors, that is, 
reduced lung function in combination with eosinophilia 
and positive skin tests, and overweight and smoking in 
combination with positive skin tests. Weight reduction 
(41) and smoking cessation (42) have been shown to 
decrease the risk for cardiovascular death, and our 
results suggest that this can be especially important in 
individuals with positive skin tests. Nonallergic causes 
of eosinophilia seem to play an important role since the 
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association remained unchanged after adjustment for 
positive skin tests and asthma. 

Since aUergy increases in Western countries, our find- 
ings may have important implications for health eco- 
nomics and future mortality statistics. We recommend 
further research into the role of these allergy markers in 
the pathogenesis of cardiovascular disease to elucidate 
mechanisms for these epidemiologic associations. 
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APPENDIX 



ICD Codes Used during the Years 1965-1995 

Ischemic heart disease: ICD-7 codes 420 and 
422.1; ICD-S codes 410-414; ICD-9 codes 410-414 



and 429.2; cerebrovascular disease: ICD-7 codes 
330-334; ICD-8 codes 430^438; ICD-9 codes 
43(M38; other heart disease: ICD-7 codes 422 (but 
not 422.1), 431-434, and 782.4; ICD-8 codes 420, 
422-426 (bat not 424), 427^4-29, and 782.4; ICD-9 
codes 416, 420, 422, 423, 425-428, and 429 (but not 
429.2); diseases of arteries: ICD-7 codes 450-456; 
ICD-8 codes 440-448 (but not 444.2); ICD-9 codes 
440_448 and 785.4; rheumatic heart disease: ICD-7 
codes 400-416 and 421; ICD-8 codes 390-398 and 
424; ICD-9 codes 390-398 and 424; hypertensive 
disease: ICD-7 codes 440-447; ICD-8 codes 
400-404; ICD-9 codes 401-405; other diseases of 
vascular system: ICD-7 codes 460-468 (but not 465); 
ICD-8 codes 451-458; ICD-9 codes 417 and 
451-459; pulmonary embolism: ICD-7 code 465; 
ICD-8 code 450; ICD-9 code 415; and (sub)acute 
endocarditis: ICD-7 code 430; ICD-8 code 421; ICD- 
9 code 421. 
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Endothelial cell superoxide generation: regulation and relevance for 
cardiovascular pathophysiology 

Jlan-Mei Li and Ajay M Shah 

Department of Cardiology, Guy's King's and St Thomas's School of 
Medicine. King's College London, London SE5 9PJ, United Kingdom 

Li, Jlan-Mei, and Ajay 1VL Shah. Endothelial cell superoxide generation: 
regulation and relevance for cardiovascular pathophysiology. Am J Physiol Regul 
Imegr Comp Physiol 287; R1014-R1030, 2004; doi.10.1152/ajprcgii.00124. 
2004. — The endothelial gyration of reactive oxygen species (ROS) is important 
both physiologically and in the pathogenesis of many cardiovascular disorders. 
ROS generated by endothelial cells include superoxide (0 2 -% hydrogen peroxide 
(HaOa), pcraxynitme (ONOO" 0, nitric oxide (NO), and lrydroxyl (-OH) radicals. 
The OJ"- radical, the focus of the current review, may have several effects either 
directly or through the generation of other radicals, e.g., H2Q2 and ONOO " » . These 
effects include /) rapid inactivation of the potent signaling molecule and endothe- 
lium-derived relaxing factor NO, leading to endothelial dysfunction; 2) the medi- 
ation of signal transduction leading ro altered gene transcription and protein and 
enzyme activities ("redox signaling'*); and 3) oxidative damage. Multiple enzymes 
can generate Oj*, notably xanthine oxidase, uncoupled NO synthase, and mito- 
chondria. Recent studies indicate that a major source of endothelial Or* involved 
in redox signaling is a multicompcnent phagocyte- type NADPH oxidase that is 
subject to specific regulation by stimuli such as oscillatory shear stress, hypoxia, 
angioienain II. growth factors, cytokines, and hypertipidemia. Depending on the 
level of oxidants generated and the relative balance between pro- and antioxidant 
pathways, ROS may be involved in cell growth, rrypertrophy, apoptosis, endothelial 
activation, and adhesivity, for example, in diabetes, hypertension, atherosclerosis, 
heart failure, and ischemia-reperfusion. This article reviews our current knowledge 
regarding the sources of endothelial ROS generation, their regulation, their involve- 
ment in redox signaling, and the relevance of enhanced ROS generation and redox 
signaling to the pathophysiology of cardiovascular disorders where endothelial 
activation and dysfunction are implicated. 

antioxidant: NADPH oxidase; oxidative stress; reacuve oxygen species; redox 
Signaling 



the endothelial LINING of blood vessels and the heart is an 
active tissue that plays a pivotal role in maintaining cardiovas- 
cular homeostasis, including important functions such as The 
regulation of vascular tone and tissue perfusion, vascular 
permeability, myocardial function, blood fluidity* anticoagu- 
lant activity, and inflammatory responses (18, 137). Endothe- 
lial cells, located at the interface between blood and tissue, can 
sense changes in hemodynamic forces, ambient PO2, and local 
blood-borne signals and respond with appropriate changes in 
function to maintain homeostasis. These responses include /) 
the paracrine release of diffusible mediators such as nitric 
oxide (NO), prostacyclin, endothelin-1 (ET-1), and growth 
factors; 2) the activity of surface enzymes such as ACE, which 
regulates local levels of bioactive angiotensin II and bradyki- 
nin; and 3) the expression of surface proteins such as adhesion 
molecules that interact with other cell types. "Activation" of 
endothelial cells is associated with a phenotype that promotes 
the recruitment of inflammatory cells to sites of vascular 
injury, but may also result in increased vascular permeability 
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and intravascular thrombosis. Chronic endothelial dysfunction 
is implicated in the pathogenesis of several diseases including 
atherosclerosis, hypertension, diabetic vasculopnihy, and heart 
failure (IS). 

Endothelial cells generate reactive oxygen species (ROS). 
including superoxide (O2 hydrogen peroxide (H 2 0 3 ), NO, 
peroxymtrite (ONOO'~), hydroxyl radicals ('OH) f and other 
radicals (29). The physiological functions of endothelial NO 
are well recognized, have been comprehensively reviewed (1 8, 
138), and will not be considered in detail herein, except 
inasmuch as they are affected by reaction with other ROS 
(notably O^'h More recently, it has become clear that ROS 
such as OJ * arid H2O2 also have several potentially important 
effects on endothelial function and phenotype and arc impli- 
cated boih in physiological regulation and disease pathophys- 
iology. OJ " production usually involves a onc-clectron reduc- 
tion of molecular 0 2 . The negatively charged 0£- radical is 
unstable in aqueous solution (half-life of a few secondsb and is 
rapidly dismutated to H 2 O z . It is poorly cell membrape per- 
meable and is general Jy restricted to the cell compartment in 
which it is produced- It can undergo several chemical reactions 
depending on the amount generated and the localization and 
proximity . to other radicals and enzymes. OT' reacts rather 

the American Physiological Society htrpL/Avww.ajpre gu.org 



PAGE 27/43 1 RCVDAT 712812006 5:11:55 PM [Eastern Daylight Time] ' SVR:USPTO<EFXRF-3f15 ' DNIS:2738300 ' CSID:908 298 5405 ' DURATION (mnvss):2O-50 



07/28/06 16:24 FAX 908 298 5405 SCHERING-PLOUGH S1028/043 



Invited Review 



ENDOTHELIAL Oif* PRODUCTION 



R1015 




(rate 

mutase (SOD). Thus, when OJ- production is relatively low 
(picomolar range), most biological effects are likely to be 
secondary to H2O2 production. Indeed, H2O2 is more stable 
and diffusible than OJ- and is more cell membrane permeable 
and may therefore be more relevant than OJ * with respect to 
modulation of signal transduction pathways. OJ- reacts with 
NO at a significantly faster rate than with SOD (rate constant 
~7 X 10 9 mol-r 1 ^*" 1 ), so that when levels of NO are in the 
high nanomolar range, NO may outcompete SOD and react 
with OJ ► to generate ONOO*~, this reaction also resulting in 
NO inactivation. When 07- levels are higher still, it can react 
with iron-sulfur centers in many proteins and can also release 
iron, which reacts with H 2 0 2 to produce the highly reactive 
-OH radical; these last reactions are often involved in oxidative 
stress-associated tissue injury. In summary, OJ- may 1) serve 
as a precursor for other ROS such as H2O2 and thereby act as 
a regulatory mediator in signaling processes leading to altered 
gene transcription and protein and enzyme activities (so-called 
"redox signaling*'); 2) rapidly inactivate NO, thereby causing 
endothelial dysfunction; 3) cause oxidative damage of macro- 
molecules, membranes, and DNA usually indirectly through 
the generation of more toxic (reactive) radicals such as 
ONOO«~ and -OH. Redox signaling secondary to tightly 
regulated ROS production by specific enzymes and the ROS- 
dependent inactivation of NO are fundamentally important 
mechanisms in the pathogenesis of several cardiovascular dis- 
orders. In this article, we review current knowledge regarding 
the sources of ROS generation in endothelial cells, their reg- 
ulation and involvement in redox signaling, and the relevance 
of enhanced endothelial ROS generation and redox signaling 
for cardiovascular pathophysiology. 

ENDOTHELIAL SOURCES OF Or* 

Potential sources of endothelial OJ " generation thai are 
implicated in disease processes include mitochondria, xanthine 
oxidase (XO), uncoupled NO synthases, cytochrome P-450 
enzymes, and NADPH oxidases. In addition, enzymes such as 
lipoxygenases may also generate OJ" ♦ (29). 

Mitochondria. The mitochondrial respiratory chain can be a 
major source of OJ% which may then be converted to H*0 ?1 . 
During aerobic metabolism, the oxidoreduction energy of mi- 
tochondrial electron transport is converted to the high-energy 
phosphate bond of ATP via a multicomponent NADH dehy- 
drogenase complex (92). Molecular Oi serves as the final 
electron acceptor for cytochrome (Cyt>c oxidase (complex 
IV), die terminal component of the respiratory chain, and is 
ulrimately reduced to H2O. Up to 1-4% of O2 may be incom- 
pletely reduced, resulting in OJ- formation, mainly at complex 
1 (NADH coenzyme Q reductase) and complex 111 (ubiquinol 
Cyt c reductase). In the presence of transition meta) ions, -Oil 
radicals may also be formed (92). 

Increased mitochondrial OJ* generation in endothelial cells 
appears to be particularly prominent in situations of metabolic 
perturbation. For example, hyperglycemia induces mitochon- 
drial Of* production, which has been shown to contribute to 
the activation of the hexosamine pathway and be involved in 
the pathogenesis of diabetic complications (31). Similarly, the 



adipokine leptin (which is involved in the regulation of body 
adiposity and weight) induces mitochondrial 0 2 ■ production in 
cultured bovine aortic endothelial cells by increasing fatty acid 
oxidation via protein kinase A (171). Other settings in which 
mitochondrial -derived OJ • radicals are increased include hyp- 
oxia-reoxygenation and ischemia-reperfusion, where the en- 
hanced OJ* is at least partially responsible for an increase in 
endothelial permeability (127). 

XO. Xanthine oxidortductase (XOR) is a ubiquitous metal- 
loflavoprotein found as one of two interconvertible yet func- 
tionally distinct forms, namely xanthine dehydrogenase (XD), 
which is constitutively expressed in vivo, and XO, which is 
generated by the posttranslational modification of XD (114). 
Functionally, both XD and XO catalyze oxidation of hypoxan- 
thinc to xanthine and xanthine to urate (114). However, 
whereas XD requires NAD + as an electron acceptor, XO 
instead requires the reduction of molecular O2, thereby gener- 
ating OJ\ The conversion of XD to XO occurs either through 
reversible thiol oxidation of sulfhydryl residues on XD or via 
irreversible proteolytic cleavage of a segment of XD during 
hypoxia, ischemia, or in the presence of various proinflamma- 
tory mediators [e.g., rumor necrosis factor-a (TNF-a)] (114, 
145). Of note, the former pathway provides a mechanism 
whereby XO activity may increase further in response to 
oxidative stress. Interestingly, XO may exist in a molybdenum- 
deficient form, in which state it is unable to use xanthine as a 
substrate but can nevertheless generate OJ* at the expense of 
NADH. This state is relevant experimentally, as in this case 
OJ* generation is not inhibited by XO inhibitors such as 
oxypurinol but is inhibited by the flavoprotein inhibitor diphe- 
nyleneiodonium (DPI) (175). 

XOR is expressed at high levels on the luminal surface of the 
endothelium of many organs including the human heart. Its 
expression may be transcriptionally upregulated by cytokines 
such as interreron-7, although XO activity appears to be 
regulated mainly through the posttranslational pathways de- 
scribed earlier (18, J 14). An area of controversy has been the 
apparent paradox that XO-rnedialed OJ- production (usually 
assessed by inhibition by allopurinol or oxypurinol) can be 
documented in several pathophysiological conditions in organs 
where there is apparently very low or undetectable constitutive 
XOR activity. There are several possible explanations for this 
finding; /) endothelial XO expression may be diluted and 
underestimated in assays of whole organs, 2) oxypurinol and 
allopurinol can directly scavenge ROS in some settings (i.e., 
their effects would not be specific for XO), and J) it appears 
that XO produced in XOR-rich organs can be mobilized into 
the systemic circulation and then bind to endothelial cells at 
distant sites in a heparin-reversible manner (114). 

A large body of evidence supports an important role for 
XO-mediatcd ROS generation in tissue injury during reperfu- 
sion, although tiiere may be a relatively narrow window in 
which lids can be therapeutically targeted (1 02). Cell culture 
studies using the ROS-generating XO system indicate that 
H 2 0 2 may be the key promoter of tissue injury in this setting 
(83). Secondary to XO activation, the local accumulation and 
activation of neutrophils may also significantly enhance local 
ROS produclion (e.g., via neutrophil NADPH oxidase and via 
myeloperoxidase-mediatcd ROS generation). From a physio- 
logical i>erspective 7 endothelial XO-mcdiated ROS generation 
may serve as a mechanism that recruits and activates ricutrp- 
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phils as part of the microvascular inflammatory response to 
pathogens (1 14). Indeed, XO is activated by proinflammatory 
mediators such as TNF-a, interleukins, complement 5a, and 
lipopolysaccharide. Increased O z • production from XO has 
also been found both experimentally and clinically in several 
disease settings and may contribute to the genesis of vascular 
endothelial dysfunction as well as redox signaling, leading to 
altered gene/protein expression (see involvement of increased 
endothelial o^- generation in cardiovascular disease). 

Cytochrome P-450. Cytochrome P-450 (CYP) enzymes 
have traditionally been recognized as heme-containing hepatic 
endoplasmic reticular flavoenzymes that can oxidize, peroxi- 
dize. and/or reduce cholesterol, vitamins, steroids, und many 
other compounds in an oxygen- and NADPH-depenrient man- 
ner (40), More recently, it has become clear that specific CYP 
enzymes arc also expressed in extrahepatic tissues, including 
the cardiovasculature, CYP enzymes that metabolize arachi- 
donic acid (namely the CYP2 and CYP4A gene fonilics) are 
implicated in vascular regulation through the generation of 
vasodilator metabolites, vasoconstrictors, and ROS (40). For 
example, the compound 20-ri£T£ generated by CYP4A in 
vascular smooth muscle cells is implicated in the myogenic 
response. Fleming and colleagues (39, 40) showed that CYP2 
epoxygenascs expressed on endothelial cells (notably 
CYP2C8/9) generate epoxyeicosatrienoic acids (EETs) that 
account for the NO- and prostacyclin-mdependent endotheli- 
um-dependent hyperpolarizing factor (EDHF) activity respon- 
sible for vasodilatation in several vascular beds, including the 
heart and kidney (39, 40). Like all CYP enzymes, CYP2C 
enzymes are inhibited by NO, leading to suggestions that 
CYP2C-mediaied vasodilator activity is only of significance in 
settings where NO bioavailability is reduced. 

Recently, it has been appreciated that vascular CYP en- 
zymes can also generate O^ \ H 2 0 2 , and -OH dnring the CYP 
reaction cycle when ihe electrons for the reduction of the 
central heme iron are transferred to the activated bound O2 
molecule in an NADPH-dependent reaction (40). Thus the 
CYP2C involved in the EDHF response in porcine coronary 
arteries was identified as a significant source of ROS in 
cultured and native endothelial cells (41). Because CYP2C 
enzymes can generate both EDHF (a vasodilator) and ROS 
(which are potentially vasoconstrictor through inactivation of 
NO or vasodilator through conversion to H2O2), the effects of 
altered CYP2 activity may be quite complex. In endothelial 
cells, CYP2C-derived 0 2 "- impaired NO-dependent vascular 
relaxation and elevated redox-sensitive nuclear factor (NF)-kB 
activity and VCAM-1 expression (41), Likewise, TNF-a-iD- 
duced endothelial cell adhesion molecule expression was at- 
tenuated by several CYP inhibitors, e.g., ketoconazole (135). 
In humans with coronary artery disease, however, CYP2C9 
inhibition with sulphafenazole improved endothelium-depen- 
dent NO-mediated vasodilatation, probably by reducing ROS 
production (37). 

Endothelial CYP activity and expression are stimulated by 
cyclic stretch, hormonal stimuli, and HMG-CoA reductase 
inhibitors (statins) (39), leading to both increased ROS and 
increased EDHF. Pathological conditions in which CYP ex- 
pression has been reported 10 increase include hypertension 
and hypercholesterolemia. In the case of statins, which also 
increase endothelial NOS (cNOS) expression, it is feasible that 
there is increased potential to generate OONO-" (from reac- 



tion of NO and 0^" -). On the other hand, oxidized LDL reduces 
endothelial CYP2 family expression via ROS probably gener- 
ated by NADPH oxidase(s) and acting through reduced expres- 
sion of the transcriptional regulator NF-l (151). 

Dysfunctional or uncoupled NOSs. eNOS is a calcium- 
dependent flavo enzyme that generates NO in a process that 
involves the oxidation of the amino acid L-arginine by the 
reduction of molecular O z (18). NOSs are complex ho- 
modirncric oxidoreductases that shuttle electrons from the 
reductase domain of one monomer (a CYP-like region contain- 
ing the enactors FAD, FMN, and NADPH) to the oxidase 
domain in the other subunit that contains the heme active site. 
In view of this enzymatic structure, it is not surprising that 
NOS can become "uncoupled,*' leading to the generation of 
O2' rather than NO. The essential NOS cofactor tetrahydro- 
biopterin (BR,) appears to have a key role in regulating NOS 
function by ''coupling** the reduction of molecular O2 to 
L-arginine oxidation as well as maintaining the stability of 
NOS dimers(152, 158). Thus BHj availability may be a crucial 
factor in the balance between NO and 0 2 * generation by 
eNOS. Furthermore, BHU itself is highly susceptible to oxida- 
tive degradation, and the initial oxidative loss of BH4 in 
response to increased ROS production by NADPH oxidases 
has been shown to amplify oxidative stress through the result- 
ing loss of NO production and increased NOS-dependent 07* 
generation (86). Likewise, peroxy nitrite (a product of the 
reaction between NO and O? 0 may also oxidize BH4 and 
represent another pathogenic cause of eNOS uncoupling (91). 
In addition to increased catabolism or degradation, another 
reason for BH4 depletion may be its reduced synthesis. Bio- 
synthesis of BH4 occurs either via a de novo pathway in which 
GTP cycJohydrolase I is a rate^imiting step or via a so-called 
salvage pathway that uses scpiapierin as an intermediate step. 
The precise levels of BH* in vivo at which eNOS becomes 
uncoupled and therefore supports Oi * production remain un- 
clear, but it is suggested that the ratio between reduced and 
oxidized BH4 metabolites may be a key regulator of ROS 
production by eNOS (4b, 158). The possible mechanisms 
involved have been reviewed elsewhere (158). A deficiency of 
the NOS substrate, L-argininc, can also result in Oj • generation 
by the enzyme. 

Elevated OJ" * production from uncoupled NOS has been 
implicated in the pathophysiology of several disorders such as 
atherosclerosis, diabetes, hypertension, and hypercholesterol- 
emia (SCO INVOLVEMENT OF INCREASED ENPOTWnUAL oT' GENERA- 
TION IN CARDIOVASCULAR DISEASE), 

NADPH oxidases. In recent years, it has become apparent 
that endothelial cells and other nonphagocytic cells constitu- 
tively express an Of -generating enzyme analogous to the 
phagocyte NADPH oxidase of neutrophils (7, 12-14, 47, 50, 
74, 88, 99). The prototypic neutrophil NADPH oxidase com- 
prises a membrane-associated low-potential cytochrome bsit 
composed of one p22 pho * and one gp91 phcx subunit and several 
cytosolic regulatory subunits (p47P w 3 040**"*, p67P w , and 
the small G protein Racl or Rac2) that translocate to the 
membrane and associate with the cytochrome bssR on neutro- 
phil activation (8). The latter process rapidly activates ihe 
oxidase, which is normally dormant in resting neutrophils, to 
generate large amounts of OJ* [of the order, of 10 
nmol-min~ , -10 6 cells" 1 (88)] in a process that requires 
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NADPH as cofactor and is essential for nonspecific host 
defense. 

All the classical neutrophil oxidase components are ex- 
pressed in endothelial cells (12, 47, 74, 96, 97, 99), but the 
enzyme nevertheless exhibits several major differences from 
the neutrophil oxidase: 7) it continuously generates a low level 
of O^- even in unstimulated cells, although its activity can be 
further increased by several agonists; 2) a substantial propor- 
tion of the Oi • generated by the enzymeis produced intracel- 
lularly, whereas neutrophil oxidase 0 2 " generation occurs 
rnainly in the extracellular compartment. Recently wc reported 
thai a substantial proportion of NADPH oxidase subunit ex- 
pression and functional activity in cultured endothelial cells is 
intracellular rather than plasma membrane bound. Further- 
more, a significant proportion of the NADPH oxidase subunits 
in unstimulated cells is present as fully preassembled and 
functional ROS-generaling complexes associated with the in- 
tracellular cytoskcleton, particularly in a perinuclear distribu- 
tion (12, 97), These findings, which have been confirmed by 
other groups (42, 153), provide a potential explanation for the 
aforementioned differences between neutrophil and endothelial 
cell NADPH oxidases. 

In the last 3-4 years, several isoforms of gp91* ho *, each 
encoded for by separate genes and termed Noxs, liave been 
identified in nonphagocytic cells (84, 88). To date, the Nox 
family comprises five members (Nox 1-5), of which Nox2 is 
gp91 pb<rt or the neutrophil isoform. As mentioned above, Nox2 
(gp91 pbOT ) is expressed in endothelial cells, and evidence of a 
functional role for this isoform in phorbol ester-induced 07* 
generation and endomelium-dependent relaxation has been 
demonstrated in studies with gp9l phox ~ / ~ mice (47). Nox2 is 
also expressed in cardiomyocytcs, fibroblasts, and vascular 
smooth muscle of human resistance arteries (14, 126, 153). 
Significant levels of Nox4 mRNA (indeed, apparently greater 
than the expression of Nox2 mRNA) are also detectable in 
endothelial cells, and a recent study that used Nox4 antisense 
oligonucleotides suggested that an Nox4-dependent oxidase 
contributes functionally to basal OJ- generation in endothelial 
cells (3). Nevertheless, the relative roles of these two oxidases 
in endothelial cells remain to be fully elucidated. Recent 
studies have also reported the expression of homnlogues of 
p47 0hox and p67 pho *, termed NOXO I (Nox organizing protein 
1; p4r ox ) and NOXAl (Nox activating protein 1, p51 no *) 
respectively, in colonic epithelium (9, 150), but their expres- 
sion in endothelial cells has not been documented. The struc- 
ture, function, and biological relevance of vascular NADPH 
oxidases and we potential roles of these homologues have been 
comprehensively reviewed by several authors (7, 17, 88, 99). 
The current article therefore focuses specifically on the endo- 
thelial oxidase, the detailed mechanisms of regulation of which 
are discussed in rkoulateo activation of nadfh oxidase. 

Interactions cunong different ROS sources and ROS-depen- 
dem regulation. Whereas numerous studies have focused on 
the importance of individual enzymatic sources of ROS gen- 
eration, it is increasingly clear thai there are in fact complex 
interactions among different ROS sources such that in many 
pathological settings multiple sources may be involved (Fi^. 
1). We consider several examples of such interactions. 

Mitochondria, in addition to generating ROS, are themselves 
susceptible to oxidant damage, which can decrease respiratory 
enzyme activities and mitochondrial membrane potential and 



lead to greater ROS production (92). Indeed, the terra ROS- 
induced ROS release was coined by SoUott and colleagues 
(179) to describe the phenomenon during induction of the 
mitochondrial permeability transition in cardiac myocytes. 
This phenomenon may apply not only to ROS initially pro- 
duced within mitochondria but bIso to nonrnitochondrial 
sources of ROS. Second, the oxidative conversion of XDH to 
XO (114) has already been mentioned as a mechanism for 
amplification of ROS production, where the initial ROS gen- 
eration may derive from a separate source. Recently, this was 
reported to be an important mechanism contributing to endo- 
thelial cell O^' production in response to oscillatory shear 
stress (113). The latter study also suggested that the level of 
XO was dependent on a functional NADPH oxidase. Third, the 
oxidative degradation of BH4 (where again the initial ROS may 
derive from one of many sources) can serve to amplify ROS 
generation through NOS uncoupling. This latter phenomenon 
has been termed amplification via "kindling radicals" (91). 
finally, it has also been suggested recently that mitochondrial 
ROS generation can lead to NADPH oxidase activation in 
endothelial cells (136). 

A different type of interaction involves the ROS-dependent 
regulation of the activity of ROS-generating enzymes, i.e., 
feedback or feedforward regulation. For instance, Racl -depen- 
dent endothelial NADPH oxidase activation and subsequent 
O2 • production mediates a feedback loop leading to increased 
proteosomal degradation of Racl (81). ROS-dependent down- 
regulation of CYP2C has already been mentioned above. On 
the other hand, Li et al. (101) reported a feedforward mecha- 
nism whereby exogenous exposure of smooth muscle cells or 
fibroblasts to H2O2 caused NADPH oxidase activation and 
endogenous OJ* generation, thereby amplifying the vascular 
injury process. Self-limiting feedback mechanisms may serve 
to restrict nonphagocytic NADPH oxidase activity to a low 
output state, whereas the positive feedforward mechanisms 
may be more important in pathological settings. These para- 
digms illustrate how small changes in ROS production may be 
amplified and/or modulated through interactions among differ- 
ent oxidase systems. 

TISSUE-RELATED DIFFERENCES IN ENDOTHELIAL 
07- GENERATION 

It is increasingly appreciated that there may be significant 
differences in the properties of endothelial cells of different 
origins, not only microvascular vs. macrovascular (78) but also 
tissue-related variations (23). However, potential tissue-related 
differences In endothelial OJ ' generation have received very 
little attention. In principle, differences between (issues may be 
related either to primary alterations in ROS generation or may 
be secondary 10 variations in response to stimuli (e.g., cyto- 
kines) that provoke ROS production and/or differences in the 
production of such stimuli. An example of the first possibility 
is the finding that NADPH oxidase activity of cultured human 
microvascular endothelial cells is substantially higher than that 
of cultured human umbilical vein endothelial ceils (HUVEC) 
studied under similar culture conditions (96). Greater ROS 
generation by micro vascular vs. macrovascular endothelial 
cells may at least partly account for the greater proliferative 
capacity of microvascular cells in culture (e.g. 3 1, 78). As an 
example of altered responsiveness to ROS-generating stimuli, 
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it has been shown that the expression of endothelial chemokine 
receptors (CXCR) and of basal chemokine (e.g., CCL2, CCL5, 
CXCHO) secretion varies widely according to tissue (63). 
Similarly, the induction of adhesion molecules on endothelial 
cells, e.g», in diabetes, can be highly tissue specific (1 23). More 
detailed investigation of such differences among endothelia is 
warranted. 

REGULATION OP REDOX HOMEOSTASIS IN 
ENDOTHELIAL CELLS 

The effects of O^" - and oilier ROS generated within endo- 
thelial cells are critically dependent not only on the amount and 
sites of production but also on the processes that degrade or 
scavenge ROS. Several recent reviews have covered the reg- 
ulation of cellular redox homeostasis (27, 29, 79. 128, 172) and 
we therefore provide only a relatively brief overview here. 

Antioxidant systems influencing redox state comprise 
nonenzymatic molecules and specific antioxidant enzymes. 
Nonenzymatic antioxidant molecules in endothelial cells 
include uric acid, ascorbic acid (vitamin C), a-tocopherol 
(vitamin E), and glutathione (GSH) (27, 29, 79). The water- 
soluble vitamin C not only scavenges ROS but also protects 
vitamin E and GSH against oxidation in cell membranes. 
Vitamin E is a lrpid-soluble, chain-breaking radical scaven- 
ger that is considered the most important antioxidant in cell 
membranes. It may also have nonantioxidant cell signaling 
functions, e.g., the inhibition of protein kinase C activity 

JJP-Regul fnregr Camp Physiol - vol 



(29). GSH is the major low molecular weight thiol antiox- 
idant buffer in endothelial cells (27), serving as a substrate 
For glutathione peroxidase to eliminate lipid hydroperoxides 
and H2O2, whereby it becomes converted to GSH disulfide 
(GSSG). Normally, GSSG is maintained at levels <l% of 
total GSH. The glutaredoxins have functions overlapping 
with those of thioredoxins (see below) and can reduce GSH 
mixed protein disulfides. 

Important endothelial antioxidant enzymes include SODs, 
catalase, the thioredoxin system, glutathione peroxidase, and 
heme oxygenase. The SODs all efficiently convert 07 * to 
H2O2. The latter is then degraded to water by catalase or 
glutathione peroxidase. CuZnSOD is suggested to be the pre- 
dominant SOD isoform in endothelium (18). Knockout of 
CuZnSOD in mice or inhibition of CuZnSOD results in en- 
hanced vascular OJ - generation and profound endothelial dys- 
function (28 T 162)* CuZnSOD expression is upregulated by 
shear stress and is related to cellular redox state (70). Mito- 
chondrial MnSOD expression is also redox sensitive and can 
be induced by VBGF via the activation of NADPH oxidase (2). 
The ecSOD isoform is found primarily bound to heparan 
sulfate on the cell surface and may be especially relevant for 
regulating extracellular NO bioacriviiy. In mouse aorta, ecSOD 
expression was upregulated by angiotensin II (43), whereas on 
the other hand, mice lacking ecSOD developed significantly 
higher hypertension in response to angiotensin II infusion than 
wild-type controls (75). 
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Thioredoxin reductase together with thioredoxin and 
NADPH constitutes a ubiquitous oxidoreductase system with 
antioxidant and redox-sensirive regulatory roles that is abun- 
dandy expressed in endothelial cells (172). Thioredoxins effi- 
ciently reduce disulfides in proteins, peptides, and GSSG, as 
well as dirccdy lowering ROS levels through their conserved 
-Cys-Gly-Fro-Cys- active site (172). Subsequently, the active 
site disulfide is itself reduced by thioredoxin reductase and 
NADPH. Thioredoxin has redox-sensitive signaling functions 
through several mechanisms: J) selective stimulation of DNA- 
binding of NF-kB by reducing a specific cysteine residue in the 
p50 subunit (172); 2) increasing AP-1 binding activity via 
binding to the nuclear redox protein, redox factor 1 (Ref-l); 3) 
through binding to signaling molecules such as the MAPJCK 
kinase ASK1, thereby inhibiting its activity — the oxidation of 
thioredoxin disrupts ibis binding and leads to increased ASK) 
activity. Another protein that binds thioredoxin is vitamin 
Dj-upregulated protein 1 (VDUP1), which may act as an 
endogenous inhibitor of thioredoxin. VDUP1 expression is 
reduced by biomcchanical strain or H2O2, thereby increasing 
thioredoxin activity. Interestingly, thioredoxin expression is 
induced by oxidant stress (172). 

Heme oxygenase has indirect antioxidant effects through the 
degradation of free heme (derived from many henioproieins 
and which has potent pro-oxidant actions) as well as the 
subsequent generation of biliverdin and bilirubin, which have 
antioxidant properties (128). The constitutive heme oxygenase 
isoform, HO-2, is ubiquitously expressed in endothelial cells, 
whereas HO-1 is induced in response to stimuli such as heme, 
hypoxia, cytokines, oxidized LDL, angiotensin 11, NO, per- 
oxynitrite, and H 2 O z (128). HO-1 expression in response to 
oxidative stress is a key manifestation of the induction of 
endogenous cellular antioxidant defense mechanisms. 

Despite extensive experimental evidence for an important 
role of antioxidant systems in redox homeostasis and the 
finding that antioxidants such as vitamin C can acutely improve 
endothelial dysfunction related to oxidative stress (130), a 
clinically relevant therapeutic benefit of antioxidant supple- 
mentation remains 10 be demonstrated, perhaps suggesting that 
more specific and focused approaches may be required for 
therapeutic manipulation of these pathways (73). 

REDOX SIGNALING MECHANISMS 

The modulation of biological signaling pathways by ROS 
depends on both the upstream ligand-dependent stimulation of 
ROS production by different enzymatic sources and the spe- 
cific interactions of ROS with individual downstream padv 
ways, it is clear that ROS may modulate signaling pathways at 
multiple levels from membrane receptors and channels to 
various protein kinases and transcription factors in the nucleus. 
O2 A itself is relatively unstable in aqueous solution and is 
rapidly dismutated to H2O2 either spontaneously or by the 
action of SOD. Therefore, many Oi" '-dependent signaling 
events are thought to be mediated through H3O2. On the other 
hand, NO is one of the few biomolecules that can outcompete 
SOD for 07*; therefore, in settings where there are sufficiently 
high concentrations of NO present, 0£ ■ reacts rapidly with NO 
in a near diffusi on- limited fashion to form peroxynitritc (80). 
The latter has widely been considered to be a relatively 
nonspecific toxic species that can oxidize Or nitrate a wide 



variety of biological targets. However, more recent studies 
indicate that, in vivo, peroxynitritc may interact directly (rather 
than via breakdown to -OH or -OH-like radicals) with specific 
biomolecules, notably thiols and metal-containing proteins, to 
modulate signaling events, especially in nonacidic environ- 
ments (80, 160), 

The precise molecules that are targeted by ROS and the 
exact biochemical reactions involved remain incompletely un- 
derstood. A common mechanism involves redox-dependeni 
covalent modification of specific cysteine residues on target 
proteins (38). In the case of tyrosine phosphatase, reversible 
oxidation of a cysteine residue leads to enzyme inactivation 
and a secondary increase in activity of tyrosine kinases (e.g., 
specific MAPKs). Alternatively, the reversible covalent addi- 
tion of GSH to cysteine residues (or S-glutathiolation) may be 
involved in activating tyrosine kinases (79). In the case of 
peroxynitritc, in addition to oxidation of thiol and metal- 
containing protein centers, the tyrosine nitration of proteins 
could also be involved in signaling, either by negative inter- 
ference with tyrosine phosphorylation of enzymes and/or by 
mimicking phosphorylation (80, 160). Redox signaling mech- 
anisms thai involve thioredoxin were discussed in a previous 
section, whereas the effects of ROS on die transcription factor 
HTF-1 are discussed in Oxygen sensing below. More detailed 
reviews of redox signaling mechanisms were published re- 
cently (29, 38, 71, 80, 82). 

Although all the endothelial ROS sources discussed previ- 
ously may potentially be involved in redox signaling, NADPH 
oxidases seem to be especially important in that they are The 
main source whose primary function appears to be to modulate 
redox signaling (15, 17, 50, 88, 99). In the next section, we 
therefore focus on the mechanisms of regulation of endothelial 
NADPH oxidase. 

REGULATED ACTIVATION OF NAD Pit OXIDASE 

A major attribute of nonphagocytic NADPH oxidases is thai 
not only are they "constitutively 7 * active but their activity is 
sensitively mfluenccd by a wide variety of (pathophysiologi- 
cal stimuli. Endothelial NADPH oxidase activity is increased 
by /) mechanical forces such as oscillatory shear stress (67); 2) 
liypoxia-reoxygenation (77, 136, 141), flow cessation (111), 
membrane depolarization (4, 140), nutrient deprivation (106), 
or ischemia (4, 111); 3) G protein-coupled receptor agonists 
such as angiotensin J[ (98 7 107, 117, 176) or ET-1 (32); 4) 
phorbol esters, which activate protein kinase C (PKC) (47> 95); 
5) growth factors such as VEGF (157); 6) cytokines such as 
TNF-a (42, 95) or 1L-1 (52); 7) increased insulin (76), glucose 
(69), free fatty acids (34, 69), ox advanced glycalion end 
products (AGE) (164); and 8) oxidized LDL, ^phosphati- 
dylcholine, and hypercholesterolemia (133,1 44). Either a rapid 
posttranslational activation and/or the increased expression of 
oxidase subunits can be involved in the up regulation of 0 2 " 
production by NADPH oxidases. Although the altered expres- 
sion of different oxidase components in response to various 
stimuli has been described in many studies [e.g., increased 
Nox2 and Nox4 mRNA expression with oscillatory shear stress 
but decreased expression with pulsatile flow (67)], the under- 
lying mechanisms of transcriptional regulation remain as yet., 
virtually unexplored. However, recent studies have begun to 
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shed light on the mechanisms underlying the acute activation 
of endothelial NADPH oxidase. 

Regulation by xhe p47 pfiaK subunit. Phosphorylation of 
p^ho* j s k nown to be important for activation of the neutro- 
phil NADPH oxidase, being required for the translocation of 
cytosolic submits (p47 phox -p67P hox -p40 pbo1 ) to the membrane- 
located cytochrome b 558 (8). Several studies using either tis- 
sues from gene-targeted mice lacking p47 pbQ * or specific in- 
hibitors have likewise shown a crucial role for p47 p,M> * in 
endothelial NADPH oxidase activation by several agonists 
(angiotensin H, TOF-a, VEGF) (1 5, 42, 95 5 98) and by chronic 
oscillatory shear (68). The p47 I>hoX subunit is also required for 
angiotensin IT-induced MAPK activation (100), TNF-a-in- 
duced JNK activation (53), and redox-mcdiaied gene expres- 
sion (15), The finding that p47 phox is essential for PMA- 
induced activation suggested a role for PKC (95), which was 
confirmed for TNF-o: -induced activation of NADPH oxidase in 
lung vascular endothelial cells where the atypical PKC iso- 
fbnn, PKC-t, was found to phosphorylate p47 pha * (42). Re- 
cently, we demonstrated thai angiotensin 11-stimulated endo- 
thelial NADPH oxidase activation induces the rapid serine 
phosphorylation of p47 pbo * (1-15 min), which is paralleled by 
increased p47 pbox -p22 pbax binding (i.e., increased complex for- 
mation) and increased 0^~* generation with similar kinetics 
(98)- These results suggest that while basal (constitutive) 
NADPH oxidase activity may be explained by the presence of 
preassemblcd oxidase complexes, enhancement of activity by 
agonists such as angioteosin II requires the formation of 
additional complexes. With respect to TNF-a-induced signal- 
ing, it has been reported that p47 pha * associates with the TNF 
receptor-associated factor TRAF4, which links to downstream 
activation of JNK (45, 170). The binding of p47P nox to TRAP4 
may thcrcfoic serve as a means to localize the ROS signal to 
proteins/enzymes associated with TRAF4. Whether similar 
protein-protein interactions involving $47***°* are used as a 
strategy for the spatial confinement of ROS-mediated signals 
generated by other agonists remains to be studied. 

Studies from our group that have investigated coronary 
micrdvnbcular EC (CMEC) and aortoe isolated from 
p4 7 i>tK>x-/- mice or the effects of acute depletion of p47P hox by 
antisense cDNA transfection suggest a more complex rote for 
p4 7 phox (95, 98, 100). Surprisingly, we found that neither the 
chronic absence of p47 phpx in knockout cells nor its acute 
depletion in wild-type cells resulted in a reduction in basal 
NADPH -dependent ROS production. On the contrary, basal 
ROS production was slightly but significantly higher compared 
with wild-type cells or aortae. Consistent with this finding, 
p47pho*-/- aortic rings had mild endothelial dysfunction and 
increased basal activation of ERIC 1/2, which were normalized 
by exposure to ROS scavengers (100). Nevertheless, the acute 
oxidase response to PMA. TNF-a, or angiotensin II was 
abolished in p47 pho *~ / ~ cells (95, 98), whereas in aortic rings 
angiotensin il-induced endothelial dysfunction was also abro- 
gated (100). These results suggest that p47 phox may have a dual 
role in regulating endothelial NADPH oxidase activity 
whereby it inhibits basal, constitutive 07- generation but is 
nevertheless essential for agonist-induced increases in ROS 
production. A possible explanation for these effects might be 
thai unphosphorylated p47 phoK is inhibitory when bound to the 
cytochrome bssx. in endothelial cells, whereas phosphorylation 
leads to oxidase activation. 



Regulation by RacL The other NADPH oxidase regulatory 
subunit that has been well studied in endothelial cells is the 
GTPase Racl, a member of the Rho (Ras homology) family 
of small (20-40 kDa) GTP-binding proteins that undergo 
regulation through GTP binding and hydrolysis (49). Rac 
activity also requires a carboxy terminal geranylgeranyl 
moiety, which is added by posttranslational modification 
(isoprenylation) by geranylgcranyl transferase and is re- 
quired for localization of Rac to the membrane. Gera- 
nylgcranyl groups are derived., like cholesterol, from the 
mevalonate pathway, and the synthesis of both these prod- 
ucts is inhibited by HMG-CoA reductase inhibitors (statins). 
Thus some of the pleiotropic effects of statins may be 
mediated through inhibition of Rac translocation. Rac in its 
GTP-bound state is thought to bind to p67 phox and activate 
NADPH oxidase (49). Racl can activate NADPH oxidase in 
the complete absence of p47 pho * in cell-free systems, but 
both are probably required for optimal oxidase activation 
(48). In endothelial cells, PMA-induced OJ- production 
[which is p47 plw>K dependent (95)) is reportedly inhibited by 
statins in a mevalonate-dependent manner (1 6 1 ), suggesting 
that both Racl and p47 pW are required for this response. 
Basal NADPH oxidase-dependent ROS production requires 
Racl as it is inhibited by a dominant negative Racl mutant 
(66). Similarly, statin withdrawal after chronic treatment in 
animals stimulates endothelial 07" generation through 
Racl -dependent activation of NADPH oxidase, suggesting 
that basal NADPH oxidase activity is modulated by statins 
through altered Rac translocation (159). NADPH oxidase- 
dependent ROS production stimulated by shear stress is also 
inhibited by dominant negative Racl (173), and Racl- 
dependent ROS production mediates shear stress-induced 
endothelial cell tyrosine phosphorylation (173) and the 
surface expression of ICAM-1 (156). Racl appears impor- 
tant in the oxidase response to hypoxia-rcoxygenation or 
ischemia-reperfusion. Thus Racl mediates oxidant produc- 
tion in response to hypoxia- reoxygenation in several cell 
types including endothelial cells (77). Likewise, in HTJVEC, 
depolarization-induced NADPH oxidase activation (which 
may be relevant to ischemia) required Rac translocation 
(140). Racl is also required for oxidant-dependent expres- 
sion of MCP-1 induced by nutrient deprivation (106). An- 
other setting in which Rac Independent ROS production is 
implicated is in endothelial cell growth and survival. VEGF- 
induced endothelial cell migration and proliferation required 
Racl-regulated OJ* generation (157), whereas the overex- 
pression of a constitutive! y active mutant of Racl resulted in 
endothelial cell proliferation (105). In HUVEC, Racl -de- 
pendent 0 2 * production led to protection against TNF-a- 
induced apoptosis (26). 

rHYS1CH,OCTCM- ROLES OF ENDOTHELIAL O?- 

Whereas G 2 ■ production is implicated in many pathological 
processes (see later), an important question is whether ROS 
generation has any physiological roles. A physiological role for 
ROS would provide at least a ideological explanation for the 
widespread occurrence of ROS even in health (Fig. 2). In fact, 
there are several likely physiological roles for endothelial 
ROS, all of which involve the use of oxygen species to transmit 
biological information in some way. 
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Fig. 2. Potential role* of endothelial reactive 
oxygen species in physiological and patho- 
physiological processes (left and right, re- 
spectively). Processes shown at bottom may 
be physiological or pathological depending 
on the context. Some of the relevant reactive 
oxygen species as well as potential targets for 
redox signaling (enzymes involved in signal 
transduction and transcription factors) are 
shown in the central circle. EDHF, endorhc- 
lium>derived hypctpolarizing factor: PKC, 
protein kinase C; SOD, superoxide dis- 
nuicwe. 



Oxygen sensing- Many types of acute and chronic Oz- 
sensitive processes are involved in cardiorespiratory homeosta- 
sis, e.g., an acute increase in ventilation or a chronic increase 
in erythropoietin production in response to hypoxia (16). Like- 
wise, 02-scnsitive alterations in endothelial Amotion are essen- 
tial for vascular homeostasis. For example, in the coronary 
circulation, a modest decrease in arterial P01 evokes a rapid 
increase in endothelial production of NO and vasodilator pro- 
stanoids thai serve to increase blood flow and thus Oj supply 
(125). Chronic hypoxia also evokes several adaptive changes 
in endothelial gene expression. 

A substantial body of evidence implicates ROS-producing 
proteins in the acute sensing of changes in ambient O? con- 
centration in different ceil types (16). In the carotid body, an 
ROS -generating cytochrome similar to the cytochrome bssa of 
NAJDPH oxidase may be involved in sensing modest hypoxia, 
whereas in other settings alterations in mitochondrial ROS 
generation are implicated. It is likely that ROS may be simi- 
larly involved in the endothelium. 

Chronic changes in cellular function in many tissues, 
including the endothelium, involve redox-sensitive activa- 
tion of the transcription factor hypoxia-inducible factor-t 
(HJIM), which may increase the expression of genes in- 
volved in angiogencsis, energy metabolism, cell prolifera- 
tion, and vascular remodeling (16). The major physiological 
importance of these systems is attested to by the finding, far 
example, that gcne-targeied deficiency of Hlf-1 results in 
embryonic lethality (134). Recent studies have begun to 
delineate the ways io which ROS may regulate gene tran- 
scription through HIF-1 (29, 167). The HTF-1 heterodimer 
comprises an HlF-lot and an HliMp subunit. Whereas the 
protein level of HlF-lp is not much affected by changes in 
Po 2 , HTF-1 a undergoes rapid protcosomal degradation 
through its prolyl hydroxylation by specific prolyl hydrox- 
ylase enzymes. The redox regulation of HlhM activity 
appears to be mediated largely through ROS-dcpcndcnt 
changes in HIF-1 o: stability as well as posttranslational 
regulation of Hlf-I activity. However* the precise mecha- 
nisms through which the laller regulation occurs remain 

AJP-Rcgv! //iMgr Coinp Physiol • VOL 



unclear, with evidence for regulation through activation of 
the phosphatidyl inositiol 3-kinase/Akt pathway or through a 
thiol-sensitive mechanism (167). 

Regulation of vascular zone. ROS generation may be 
important in the physiological regulation of vascular tone in at 
least two ways, first via interactions with NO and second 
through the direct effects of H2O2. It is well established that 
eudothelium-derived NO undergoes a very rapid reaction with 
OJ* that results in inactivation of NO (18). A fundamental 
aspect of the regulation of vascular tone and blood flow by NO 
is its rapid sensitivity to alterations in local stimuli (such as 
increases in shear stress) and the dependence on appropriate 
local vasodilator actions to achieve integrated increases and/or 
redistribution of blood flow among specific vascular beds. The 
physiological local generation of O^ • is quite likely to be 
important in the spatial restriction of the actions of NO, 
together with other molecules such us hemoglobin (119). Tn 
this regard, it is of interest that increased vascular flow is a 
potent stimulus for the release of both O^ - and NO (89). Local 
SOD activity (in particular ccSOD) may also play an important 
role in regulating the NO/Of • balance. 

Recent studies indicate that H2O2 released from the endo- 
thelium (after conversion from 07") may account for EDHF 
activity in murine and human mesenteric arteries and human 
coronary arterioles, where it is involved in flow-induced dila- 
tation (112, 112, 118)- Endothelial CuZnSOD plays a pivotal 
role in converting OJ" (generated probably mainly by NO 
synthase) to H2O2, to the extent that it was proposed to act as 
an EDHF synthase. These studies suggest that H2O2 production 
contributes to the physiological regulation of vascular tone in 
certain vascular beds. 

Other /Unctions. ROS can have potent effects on endothelial 
cell growth, migration, proliferation, and survival (see later), 
which have been studied mainly in pathological settings. How- 
ever, it is quite conceivable that such effects may also serve 
important physiological functions, e.g., during development or 
reparative processes. Likewise, the effects, of ROS on cell 
adhesion discussed in the next section may be physiologically 
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relevant in the context of the microvascular inflammatory 
response to pathogens. 

ENDOTHELIAL C£lX ACTTVaTTON AND INFLAMMATION 

Inflammation describes the stereotyped response of vascu- 
larized tissues to injury and is a major part of innate immunity 
as well as being involved in the adaptive immune response. It 
involves the micro vasculature, principally postcapillary 
venules, which arc the main sites of vascular leak and leuko- 
cyte extravasation. The recruitment and adhesion of leukocytes 
to endothelial cells and their subsequent emigration from the 
blood across the endothelium and into the affected tissue is an 
early step in rnftarnmation, which requires tho regulated ex- 
pression of cell-surface adhesion molecules and other proteins 
on one or both types of cell (i.e., cell "activation") (46). 
Adhesion molecules either tether the two cells together and/or 
act as signals that induce changes in endothelial cell (and 
leukocyte) structure and function, e.g., raised intracellular 
Ca z+ , ROS production, cytoskeletal rearrangement. Among 
the adhesion molecules expressed on activated endothelial 
cells, 1CAM-1, VCAM-1, endothelial leukocyte adhesion mol- 
ecule-l (ELAM-1 or E-selectin), and P-selectin (CD62) have 
been well studied. Very little 1CAM-1 is normally expressed 
on endothelial cells but it is greatly increased by inflammatory 
stimuli such as lipopolysaccharide and cytokines (interleu- 
kin-1, TNF-ol, interferon-'y) over a time course of hours (46). 
P-selectin is rapidly translocated to the cell membrane in 
activated endothelial cells in minutes, whereas E-selectin is 
newly synthesized aud appears after 4— 6 h of activation (46). 
Oscillatory shear is also a potent stimulus for the surface 
expression oflCAM-U VCAM-1, and £-selectin in endothelial 
cells (20). 

Substantial experimental data indicate that ROS are potential 
regulators of endothelial cell adhesion molecule expression and 
inflammatory microvascular dysfunction (46), for example 
during sepsis (129), Cytokines such as TNF-a increase 
VCAM-1 and chemoattractant protein- 1 (MCP-1) expression 
through a redox-sensili ve mechanism involving NF-kB, which 
is inhibited by antioxidants or the NADPfi oxidase inhibitor 
apocynin (155, 165). The role of NADPH oxidase and OJ • » n 
this process was highlighted by a study using adenoviral- 
mediated overexpression of dominant negative Racl and SOD, 
both of which suppressed TNF-ot-induced ICAM-1, VCAM-J , 
and E-selectin expression, through NF-kB bihibition (22). 
TNF-a-iuduced rapid upregulation of endothelial P-selectia 
was also found to depend on O2 • generation from the syner- 
gistic effects of NADPH oxidase and XO (149), However, it 
should be noted that a significant component of the ROS 
released in response to TNF-ot may also emanate from neutro- 
phil NADPH oxidase and then induce ICAM-1 expression in 
microvascular endothelial cells (35). 

Endothelial adhesion molecule expression may also be trig- 
gered by hypercholesterolemia, ischemia-reperfusion. AGEs, 
and the renin-angioiensin system. Induction of VCAM-1 by 
AGE or angiotensin II involves NADPH oxidase and NF-kB 
activation .(131, 164). Hypcrcholcsterolemia-induced leuko- 
cyte-EC adhesion and leukocyte emigration also involve 
NADPH oxidase. Stokes et al. (144) reported that both these 
processes were significantly attenuated in p47 phD,l ~'7 mice, an 
effect thai was attributed to reduced Oj * production by both 



the endothelium and white cells on the basis of studies using 
bone marrow chimeras. Likewise, P-selectin-dependent adhe- 
sion of platelets and leukocytes in the cerebral microcirculation 
was blunted in hypercholesterolemic gp91P hox " 1 '" mice (72). In 
the context of microvascular dysfunction induced by ischemia- 
reperfusion, XO-derived ROS appear to contribute to an in- 
crease in endothelial permeability (1 14). 

ENDOTHELIAL CELL GROWTH, MIGRATION, 
AND APOPTOSIS 

Endothelial cell proliferation, migration, and organization 
into tubular network structures are critical steps in angio gen- 
esis. Endothelial cell growth and survival are dependent on 
several factors, including the presence of specific growth 
factors and cellular interactions with the extracellular matrix. 
In vitro, growth factor deprivation leads to apoptosis, whereas 
cell detachment leads to a special form of programmed cell 
death called unoikis. 

Recent studies indicate that low-level regulated generation 
of ROS is necessary for the processes involved in both angio- 
genesis and endothelial cell survival. Thus several growth 
factor receptors are coupled to intracellular production of O2 - 
and H2O2 (I, 157). For example, VEGF-induced endothelial 
cell proliferation and migration was shown to be dependent on 
07- generation from NADPH oxidase, in that the mitogenic 
and chemotactic effects of VEGF were abrogated by three 
structurally unrelated NADPH oxidase inhibitors (1). TJshio- 
Fukai et al (157) showed more specifically that VEGF-induced 
endothelial cell proliferation, migration, and angiogenesis were 
inhibited by dominant negative Racl or antisense gp91 phox 
oligonucleotides, which reduced VEGF-induced 07* produc- 
tion. Furthermore, in this study, VEGF-induced angiogenesis 
in an in vivo sponge implant assay was significantly attenuated 
in £p91 phooc ~'~ mice. Other stimuli that induce endothelial cell 
migration and/or proliferation, such as OxLDL or angiotensin 
II, also appear 10 signal these effects via NADPH oxidase- 
derived ROS (133). Endothelial proliferation induced by shear 
stress and coronary collateral vessel development are also ROS 
dependent (51). Hypoxia induces endothelial cell proliferation 
independent of paracrine effectors, and recently this was 
shown to be redox sensitive and to involve ROS production by 
both mitochondria and NADPH oxidase (136). In a perhaps 
more paihophysiologically relevant model, ischemia-induced 
neovascularization m the mouse hind limb was found to be 
significantly inhibited in gp91 phox_/ " mice compared with 
wild type (61). 

The migratory behavior of endoiheual cells either after 
injury or during angiogenesis requires significant reorganiza- 
tion of the actio cytoskeleton, a process that appears to require 
07* generation. In an endothelial monolayer-wounding assay, 
ROS production in response to the loss of endothelial conflu- 
ence was required for the act j 11 cytoskeleton reorganization 
necessary for endothelial migration and regeneration (116). 
Likewise, Racl is reported to be required for shear stress- 
induced endothelial cell polarization, which is an important 
component of the migratory response (168). In the context of 
bypoxia-reoxygenaiion, it was reported that the reoxygenation 
of previously hypoxic endothelial cells induced a burst ol'OJ- 
chat was necessary, for translocation of actin filaments to the 
submembranous network and cytoskeletal reorganization (25). 
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This phenomenon was suggested to be of relevance in priming 
endothelial cells for angiogenesis (25). 

Apoptosis (programmed cell death) may be considered as a 
mechanism that counterbalances the effects of cell prolifera- 
tion. Ad increase in intracellular ROS production is often 
observed in apoptotic processes triggered by various stimuli. 

• generated from NADPH oxidase may play a dual role in 
influencing both endothelial survival and death. For example, 
Racl -dependent ROS generation appears to protect endothelial 
cells against TNF-a-induced apoptosis (26). On the other hand, 
oxidized LDL or high glucose-induced NADPH oxidase acti- 
vation promoted endothelial cell apoptosis (44). Likewise, 
anoikis resulting from detachment of endothelial cells from the 
extracellular matrix involved a significant rise in the intracel- 
lular ROS level (93). The mechanisms by which endothelial 
cells die or survive under oxidant stress remain unclear, al- 
though Che downstream activation of INK is implicated in 
H2O2 and Other stress-induced apoptosis, whereas ERK acti- 
vation is implicated in VEGF-induced endothelial cell survival 
(71). Mitochondrial-derived ROS play a central role in endo- 
thelial cell apoptosis (19, 145). The Joss of cytochrome c into 
the cytoplasm and opening of the mitochondrial permeability 
transition pore are important events in the apoptotic cascade. 
Loss of cytochrome c leads to increased ROS generation, 
which may activate the mitochondrial permeability transition. 
Interestingly, the deficiency of mitochondrial cytochromes 
oxidase has recently also been linked causally to increased Oj' 
generation during endothelial senescence (169). 

INVOLVEMENT OF INCREASED ENDOTHELIAL Of* 
GENERATION IN CARDIOVASCULAR DISEASE 

Endothelial dysfunction. Chronic dysfunction of the endo- 
thelium is implicated in the pathophysiology of several cardio- 
vascular disorders including atherosclerosis, hypertension, 
diabetic vasculopathy, and heart failure (18, 57). Whereas 
endothelial dysfunction encompasses a broad range of abnor- 
malities, a reduced bioavailability of endothelium-derived NO 
is the mosi widely studied aspect. A reduction in NO bioavail- 
ability in the vessel wall impairs endothelium-dependeni va- 
sorelaxation and reduces other beneficial effects of NO such as 
its inhibition of platelet and leukocyte adhesion and its anti- 
proliferative effects (57, 138), A decline in NO bioavailability 
may be caused by 1) reduced expression of eNOS; 2) defi- 
ciency of cNOS substrate (L-argininc) or co factors (BH4); 
and/or 5) increased inactivation of NO by OJ\ The latter is 
now recognized as a fundamentally important underlying 
mechanism in most settings (18, 120). It should be noted, 
however, mat the eNOS pathway is subject to regulation by 
ROS at other levels too. For example, H 2 0 2 increases eNOS 
expression through transcriptional and posttransc optional 
mechanisms (30). 

In many settings of oxidative stress-relaicd endothelial dys- 
function* the increased OJ' generation originates noi only from 
the endothelium but also other cell types in the vessel wall, 
notably vascular smooth muscle cells and adventitial fibro- 
blasts, hi the current review, we focus primarily on the role of 
endothelial OJ' rather than these other cellular sources, which 
have been covered by several excellent reviews (18, 50, 57, 82, 
88). The main sources of 0£ ■ thai are implicated in the genesis 
of endothelial ^function are XO, NADPH oxidase, and 



uncoupled eNOS. An important point to be reiterated here is 
that in many cases multiple sources are involved, often as a 
consequence of ROS-dependent regulation as discussed previ- 
ously. This is especially relevant in respect of OJ- or peroxyni- 
trite-induced degradation of BH 4 , which leads to eNOS uncou- 
pling (86, 91), as discussed in the section on Dysfunctional or 
uncoupled NOSs. Good in vivo evidence for a role of ROS 
derived from uncoupled eNOS in cardiovascular disease mod- 
els has been relatively limited until recently, with studies in 
which exogenously administered BH4 was found beneficial 
being limited by the fact that BH4 may have direct antioxidant 
effects (4b). However, recent studies m which an increase hi 
BH4 levels driven by the increased gene expression of GTP 
cyclohydrolase 1 successfully reversed BHj deficiency and 
improved endothelial function (5, 6, 178), now provide more 
convincing evidence for the in vivo relevance of eNOS uncou- 
pling. 

Atherosclerosis and coronary artery disease. Traditional 
risk factors foT atherosclerosis such as hypercholesterolemia 
and heavy smoking affect endothelial function by increasing 
ROS production, which decreases NO bioavailability and may 
convert the aormal anti-inflammatory phenotype of the micro- 
circulation to a proiriflarnmatory "activated" phenotype. In 
addition, ROS production contributes to the oxidative modifi- 
cation of LDL, which plays a critical role in atherosclerosis. 
Several different ROS sources are implicated. In early athero- 
sclerosis in heritable Watanabe hypercholestcrolemic rabbits or 
cholesterol-fed normal rabbits, reduced NO bioavailability was 
attributed to increased degradation by 0 2 ■ derived from endo- 
thelial NADPH oxidase activation, which was at least partly 
ATi-receptor dependent (163). Likewise, diet-induced athero- 
sclerosis in primates was associated with increased vascular 
O^- generation, which seemed to be at least partly NADPH 
oxidase dependent (58). In addition to endothelial dysfunction, 
increased NADPH oxidase-derived OJ- production may also 
influence the development of atherosclerotic lesions. In 
p47 ph0 *~'~ mice studied on an ApoE~ /_ background, it was 
found that aterosclerotic lesion area was significantly reduced 
in the descending aorta compared with p47P ta * 1 ' 1 mice, al- 
though there was no difference in lesion area at the level of die 
aortic sinus (10). Consistent with these data, studies on dis- 
eased human coronary arteries have shown evidence of in- 
creased NADPH oxidase sub-unit expression together with 
increased in situ O2 • generation in the plaque shoulder area 
(142), Guzik et al, (56) reported that vascular 07* generation in 
vessels from patients undergoing coronary artery bypass sur- 
gery increased as a function of the lutmber of risk factors for 
coronary artery disease, with the 0 2 - source being NADPH 
oxidase. On the other hand, in a recent elegant study in patients 
with coronary artery disease, Spiekennann et al. (143) showed 
that increased Q£* generation leading to endothelial dysfunc- 
tion derived from both XO and NADPH oxidase. XO-derived 
0 2 - generation is also implicated in endothelial dysfunction in 
heavy smokers (54) and in hypercholesterolemia (18, 124). 
NOS uncoupling, too, has been implicated in hypercholester- 
olemia, smoking (59), and atherosclerosis (91). In a recent 
study, more direct evidence for an involvement of NOS un- 
coupling In atherosclerosis was provided by the finding that 
transgenic mice with endothelium-specific ovcrexpression of 
GTP cyclohydrolase had reduced aortic atherosclerosis com- 
pared wilh wild types when crossed with Apob knockout mice 
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(5). Finally, in patients with coronary artery disease, plasma 
levels of heparin-mobilizable ecSOD were found to be re- 
duced, which may predispose to oxidative stress (87). 

Diabetes. Oxidative stress has emerged as a strong patho- 
genic cof actor in the development of long-term complications 
of type II diabetes, such as atherosclerosis, nephropathy, and 
retinopathy. As mentioned previously, we focus here on endo- 
thelial ROS generation in diabetes. Endothelial dysfunction 
attributable to increased 07* generation is a prominent feature 
of diabetic vascular disease. As with hypercholesterolemia and 
atherosclerosis per se, multiple ROS sources are undoubtedly 
involved. Nevertheless, an increasing number of studies sug- 
gest an important role for NADPH oxidase-derived 0 2 ■ and 
uncoupled NOS (reviewed in 4b; 99). Tn aortas from slreptc- 
zotocin- treated rats, the bioavailability of NO was decreased in 
the face of increased eNOS expression as a result of increased 
OJ- production from both uncoupled eNOS and NADPH 
oxidase (64). In this study, a ninefold increase in gp9l phcix 
expression was found, and it was suggested that this may be 
driven by PKC (64). Tn a porcine model of streptozotocin- 
induced diabetes, coronary artery oxidative stress was also 
related to increased NADPH oxidase activity, although this 
occurred mostly in foe media and adventitia (177). in diabetic 
patients undergoing coronary artery bypass surgery, it was 
found that NADPH oxidase subunit expression and activity as 
well as uncoupled NOS-dependent OJ * production were sig- 
nificantly higher than in nondiabetics, independent of hyper- 
cholesterolemia and at Icasi partly driven by PKC (55, 56). 
Recently, it has been shown that a key driver of endothelial 
dysfunction may be the increased oxidation of BH4, which 
results in NOS uncoupling. For example, in insulin-resistant 
rats, oral administration of BH4 was able to reduce oxidative 
stress and prevent endothelial dysfunction in the aorta (139). 
More definitively, in SLreptozoiocin-treated mice, endothe- 
lial dysfunction was shown to be improved by the endothe- 
Hum-specific transgenic overexpression of GTP cyclohydro- 
lase I (6). 

Several pathogenic features of type 2 diabetes may be 
involved in increasing NADPH oxidase activity, which would 
then promote eNOS uncoupling. These include hyperinsulin- 
ernia (76), elevated blood glucose and free fatty acids (34, 69), 
hypercholesterolemia (133, 144, 148), increased AGEs (164, 
177), and increased activation of the renin-angiotensin sys- 
tem (98, 176). Insulin resistance per se may also increase 
NADPH oxidase activity, at least partly via the renin- 
angiotensin system (139). 

Hypertension. A substantial body of experimental and clin- 
ical data implicates increased oxidative stress as being patho- 
physiological^ important in hypertension (18). (n patients with 
renovascular hypertension, excessive oxidative stress was 
strongly suggested to contribute to impaired endothelium- 
depeudeni vasodilatation, which improved alter surgery in 
conjunction with reduced indexes of oxidative stress (62). The 
link between oxidative stress and hypertension is especially 
robust with respect to the genesis of endothelial dysfunction, 
whereas the involvement of 0 2 - in the development of in- 
creased blood pressure itself is more contentious. It has been 
reported that heparin-binding SOD reduced blood pressure in 
SHR but not in normotensive rats (122) and that antioxidants 
such as vitamin C and E prevented progression of hypertension 
in SHR (21). Similarly, in hypertension induced by angiotensin 



TI infusion for up to 7 days, a significant reduction in blood 
pressure was found with either infusion of lipo some-encapsu- 
lated SOD in rats (90) or infusion of a peptide inhibitor of 
NADPH oxidase in mice (132). However, the precise mecha- 
nism^) involved in these antihypertensive effects remain to be 
established and could include a direct effect on endothelial/ 
vascular function as well as indirect nonvascular pathways. For 
example, in several studies a dissociation between altered 
vascular 0 2 '* and blood pressure has been found, e.g., in 
studies in models of low renin hypertension (100b, 141b). 

In the last few years, increased NADPH oxidase activity has 
been reported as a major source of Oi" ■ in the vessel wall of 
experimental hypertension models, including angiotensin 11- 
induced hypertension, renovascular hypertension, genetic hy- 
pertension, and DOCA-salt hypertension (86, 100b, 119, 154, 
J 74, 178). However, it should be noted that in many cases this 
increased activity is found in the vascular smooth muscle and 
adventitia rather than the endothelium. Studies in hypertensive 
models associated with activation of the renin-angiotensin 
system have convincingly shown thai increased NADPH oxi- 
dase activity (at least in part due to increased subunit expres- 
sion) contributes both to endothelial dysfunction and elevation 
of blood pressure per se (21, 50, 85, 90, 100, 132). In the case 
of low renin hypertension (often studied experimentally using 
unilateral nephrectomy and administration of DOCA plus salt), 
an increasing body of evidence implicates ET-1 driven vascu- 
lar NADPH oxidase activation as being important, especially 
for endothelial dysfunction (100b, 178). In rats with DOCA- 
salt hypertension, Li et al. (100b) reported that an ET-1- 
induced activation of arterial NADPH oxidase, which was £T A 
receptor-dependent contributed to endothelial dysfunction in 
carotid arteries. In this study, m vivo treatment with an ETa 
antagonist reduced arterial OJ * levels and partially suppressed 
systolic blood pressure. In studies of DOCA-salt hypertension 
in mice, Landmesser et al. (86) reported that vascular ROS 
production involved not only NADPH oxidase but also uncou- 
pled NOS, with the stimulus for eNOS uncoupling suggested to 
be ROS-induced oxidation of BH4. In that study, ROS produc- 
tion was inhibited by an NOS inhibitor or in eNOS~ /_ mice 
and was also decreased by BH 4 supplementation. However, in 
rats, Li et al. (100b) did not find evidence for a contribution to 
Of " generation by uncoupled NOS based on lack of reduction 
in ROS with NOS inhibitors. The reasons for these differences 
between studies, apart from the obvious one of species, are 
unclear. Interestingly, in a subsequent study from the same 
group, cx vivo gene transfer of GTP cyclohydrolase I into 
arterial segments was found to increase BFU levels, increase 
basal NO release, and restore endoTheliura-dependent relax- 
ation, implicating NOS dysfunction as an important contribu- 
tory mechanism in this model (178). These latter observations 
may imply that, in some settings, although a reduction in BR, 
levels contributes to eNOS dysfunction this is not necessarily 
associated with eNOS uncoupling and OJ * generation. There- 
fore, a beneficial effect of BH4 supplementation is insufficient 
on its own to prove the existence of eNOS uncoupling; better 
evidence of the latter process would require more direct data 
lhaL there is ROS production from eNOS that is related to EH* 
deficiency. In this regard, it is unclear how low BH4 levels 
would need to drop in vivo to lead to eNOS uncoupling and 
Of* generation by the enzyme. 
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In addition to the studies in low renin hypertension men- 
tioned above (141 b, 178), a role for increased endothelial 0 2 " 
generation by uncoupled eNOS has also been reported in the 
spontaneously hypertensive rat (24). XO-derived - has also 
been reported to contribute to impaired endot helium-dependent 
vasodilatation and increased blood pressure in the SHR (146, 
122). Finally, antioxidant activities (e,g., SOD and catalase) 
may be reduced in the SHR. 

Heart failure. Increased ROS generation and endothelial 
dysfunction may play important roles in the development of 
heart failure. Endothelial dysfunction contributes to the in- 
creased peripheral vascular resistance that is a hallmark of 
congestive heart failure and may be especially important in 
contributing to reduced exercise tolerance. Indeed, the endo- 
thelium has been suggested to be a therapeutic target in this 
condition (103). A reduced production of NO due to decreased 
expression of eNOS and a reduction in NO bioavailability due 
to increased Oi" r production in the endothelium have emerged 
as two principal mechanisms that are involved both in exper- 
imental and human heart failure (103, 120). In patients with 
congestive heart failure, both acute and chronic Treatment with 
vitamin C is reported to improve systemic vascular endothelial 
dysfunction (33, 120). In an experimental model of heart 
failure induced by myocardial infarction in rats, Bauersachs et 
al. (1 1) demonstrated a marked degree of aortic endothelial 
dysfunction despite an increased expression of eNOS, which 
was attributable to increased vascular 07« production derived 
from NADPH oxidase. Our own studies have shown that in 
experimental pressure overload cardiac hypertrophy and fail- 
ure, endoihelium-dependent (NO dependent) enhancement of 
left ventricular relaxation is impaired despite unaltered eNOS 
expression (t 10) as a consequence of enhanced OJ- generation 
from NADPH oxidase (109). The increased NADPH oxidase 
activity was subsequently shown to be at least partly due to an 
increased expression of oxidase subunits (94). Furthermore, 
impaired endoihelium-dependent cardiac function could be 
restored by treatment with the antioxidants vitamin C or 
deferoxamine (109). Stimuli that may be important in acti- 
vating NADPH oxidase in cardiac hypertrophy and heart 
failure include angiotensin II, ET-1, cytokines, and mechan- 
ical forces (60). 

A significant body of evidence also supports a role for 
XO-derived ROS in the systemic vascular endothelial dys- 
function seen in chronic heart failure, which c;in be im- 
proved in paxients by chronic treatment with the XO inhib- 
itor allopurinol (36). 

Ischernfo-reperfusion. The increased generation of ROS dur- 
ing reperfusion after ischemia contributes to tissue injury, 
microvascular dysfunction, increased endothelial permeability, 
and endothelial "stunning." Tissue injury after reperfusion may 
have serious consequences depending on the organ, e.g., myo- 
cardial infarction or stunning, stroke, and injury after organ 
transplantation or cardiac bypass surgery. The endothelial 
generation of 07* plays an important part in these processes. 
Increased mitochondrial O*' generation on reoxygenation may 
be involved in increasing endothelial cell permeability (10S). 
Numerous studies support an important role for XO-mediated 
OJ* generation in reperfusion injury. In addition, XO-derivcd 
O^* contributes to endothelial dysfunction and activation, 
which can persist for several days or weeks after reperfusion. 
Endothelial activation may serve to further enhance ROS 



production through the recruitment and activation of leuko- 
cytes. Increased peroxynitrite formation at reperfusion has also 
been implicated in cardiac reperfusion injury although the 
relevance of this in vivo remains to be established (104). 

Several studies indicate that endothelial NADPH oxidase 
may contribute to ROS production during ischemia-reperfu- 
sion- Stimuli relevant to ischemia-repertusion that activate 
endothelial NADPH oxidase include J) hypoxia-reoxygenation 
(77, 136, 141), 2) membrane depolarization (4, 140), i) flow 
cessation (111), and 4) nutrient deprivation (106, 166). In 
HUVEC, increased ROS generation during reoxygenation after 
8 h hypoxia was attributed to XO activation, whereas NADPH 
oxidase seemed to be dowjiregulated based on studies with 
gp91ds-tat (141). Hoffineyer et al. (65) investigated the effects 
of NADPH oxidase in ischemia-repernision injury using 
p^TPhox-/- m i ce subjected to 30 min coronary occlusion and 
24 h reperfusion. However, no difference was found in infarct 
size between wild-type and p47 phox-/ " mice in this study (65). 

Sepsis. Septic shock is characterized by severe hypotension, 
reduced organ perfusion, loss of vascular responsiveness (hy- 
poreactjvity), and in many cases disseminated intravascular 
coagulation (DIC). An increase in oxidative stress is believed 
to play a major role in driving or mediating several of these 
abnormalities, with dysfunction of the endothelium being a 
major component of pathophysiology. The endothelium repre- 
sents both a source and a target for ROS released in the 
vasculature in sepsis, although other cells in the vessel wall as 
well as inflammatory cells also play important roles. ROS- 
related endothelial dysfunction in sepsis includes the loss of 
physiological NO bi ©activity; ROS-dependent proinflamma- 
tory events such as adhesion molecule expression, recruitment 
of neutrophils, and cytokine release (see endothelial cell 
activation and inflammation); peroxynitrite production, 
which may further accentuate these proinflammatory effects 
and contribute to antioxidant (glutathione) depletion; and the 
occurrence of DTC, at least in part due to endothelial damage 
and apoptosis (134b). Many if not all of the main inflammatory 
pathways implicated in sepsis (cytokines, ET-1, platelet acti- 
vating factor, etc.) can act on both phagocytes and endothelial 
cells (as well as other cells) to induce ROS production through 
NADPH oxidase activation (8, 50), whereas XO-dcrived ROS 
is also implicated (1 14). A major challenge for the future is to 
assess whether ROS-dependent pathophysiology can be spe- 
cifically targeted to therapeutic benefit in septic shock. 

Nitrate tolerance. Organic nitrates such as glyceryl trinitrate 
(GTN) are widely used for the symptomatic treatment of 
ischemic heart disease, where they act by causing venous and 
arterial dilatation and thereby reducing myocardial work and 
oxygen consumption. Chronic treatment with nitrates is limited 
by the development of nitrate tolerance and cross-tolerance to 
other classes of nitrovasodilators. Although (he mechanisms 
underlying the development of nitrate tolerance are probably 
multifactorial, studies undertaken by Munzel and colleagues 
(121, 147) have clearly shown an important role for increased 
endothelial generation of ROS in this phenomenon. The en- 
hanced endothelial OJ* generation has been suggested to 
emanate both from NADPH oxidase (121) and from mitochon- 
drial R.OS, which may act by inhibiting the aldehyde dehydro- 
genase enzyme (ALDH-2), which is involved in GTN biotrans- 
formation in vjvo (147). 



AJP~Rcgvl Inttgr Comp • Physiol -VOL 2B7 ■ nOVKmhkh 21m4.wunv-ajpreKu.org 



PAGE 38143 4 RCVD AT 712812008 5:1 1 :55 PM [Eastern Daylight Time] * SVR:USPT0-EFXRF-3/15 * DNIS:2738300 * CSID:908 298 5405 4 DURATION (mntt$):20-50 



SCHERI NG-PLOUGH 



121039/043 



ENDOTHELIAL ■ PRODUCTION 



Invited Review 



R1026 

SUMMARY 

The importance of the vascular endothelium in the regula- 
tion of cardiovascular homeostasis has become increasingly 
evident. Endothelial cells have many different functions that 
are susceptible to modulation by specific local and environ- 
mental stimuli. Endothelial activation and dysfunction play a 
role m the pathogenesis of several cardiovascular diseases. The 
generation of ROS, in particular % by endothelial cells is 
relevant to their functions both in physiological and pathophys- 
iological settings- ROS exert their effects through several 
mechanisms including their interactions with NO T their mod- 
ulation of redox-sensitive signaling cascades, and direct effects 
on eel Mar membranes, proteins, and DNA. Several enzymatic 
sources of ROS are present in endothelial cells, among which 
a phagocyte-type NADPH oxidase appears particularly impor- 
tant with respect to tightly regulated redox signaling. The 
effects of ROS generated within endothelial cells are depen- 
dent on the amount and site of production as well as the 
antioxidant balance. Understanding the mechanisms underly- 
ing the regulated generation of OJ ■ in endothelial cells and the 
downstream effects of ROS in different pathological setting* 
may help inform therapeutic strategies to tackle endothelial 
activation and dysfunction in conditions such as hypercholes- 
terolemia, atherosclerosis, hypertension, diabetes, and heart 
failure. 
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